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The choice of the most suitable system for the cleaning of cultural heritage artifacts 

is a challenging issue due to the great variety of materials and textures that can be 

encountered during restoration. High control and selectivity are the main features 

that should characterize an ideal cleaning system. At present, the use of cleaning 

fluids confined in gelled structures is considered one of the most performing 

strategies to face concerns related to an excessive penetration of the liquid phase 

within the porous matrix of the artwork. In the last decades several gel formulations 

were introduced in restoration practice, most of them pertaining to class of physical 

gels, while, more recently, also some chemical gel formulations were adopted. 

Physical gels have usually a jam-like texture and permit to attain homogenous 

cleaning thanks to their complete adaptability and adhesion to the surface they are 

put in contact with. However, they present important drawbacks related to left 

residues after treatment. Chemical gels are characterized by strong cohesion forces, 

which permit their easy and complete removal and, thus, a residue-free treatment. 

Their cleaning performances, in terms of homogeneity, might be compromised in 

case that the irregularities of the surface to be treated don’t permit an appropriate 

adhesion of the gel. Blended PVA-based hydrogels, obtained through two different 

synthesis methods, are innovative systems that permit both, homogenous adhesion, 

thanks to their mechanical adaptability, and an easy and complete removal thanks to 

strong cohesion forces. Hydrogel synthesis is performed through cast-drying or 

repeated freezing and thawing of neat or blended PVA aqueous solutions. 

Gelification process involves the formation of crystalline regions that act as tie-

points, contributing to formation of the three-dimensional network. A physico-

chemical characterization was carried out on several formulations to investigate 

synthesis parameters that affect the final properties of the hydrogels. Water content 

and free water index (FWI) were quantified through thermal analysis (DTG, DSC). 

The crystallinity degree was determined by means of ATR-FTIR, DSC and XRD. 

Information about hydrogels porosity were obtained from SEM images, while 

networks structure was investigated through SAXS analysis. Finally, some 

preliminary application tests are presented. 
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The work presented in this dissertation is set within the framework of the most 

recent discussions regarding the cleaning of cultural heritage artifacts. Within the 

procedures carried out during restoration, cleaning is considered one of the most 

delicate and potentially harmful operations, mainly because of its intrinsic 

irreversibility. For these reason a high controlled and selective action is required. 

Cleaning is a necessary step: it permits to restore the original appearance of the 

object and to remove degraded compounds, which could interact unfavorably with 

the materials of the artwork that need to be preserved. Moreover, it usually 

represents a precondition for all other interventions that are part of the restoration 

process, since it allows the access to the artistic surface.  

In the last decades, the traditional use of “free” organic solvents for the removal of 

undesired materials has been more and more called into question. The main 

concerns are in relation to the lack of control on solvents penetration and spreading 

within the treated substrate, which can lead to detrimental effects  (e.g. 

solubilization or leaching of binding medias). Moreover, high toxicity of most 

organic solvents raises the issue of safety within the working environment. 

The use of aqueous cleaning methods and/or solvents confined within polymeric 

matrices such as gels has been proposed as the more effective way to deal with the 

above-mentioned questions (cf. references of sections 1.3 and 1.4). Currently, 

restorers have adopted several gel or “gel-like” formulations mainly based on the 

use of cellulose ethers (e.g. Klucel®, Tylose, etc.) or polyacrilic acid (e.g. 

Carbopol®). These gels, characterized by a jam-like texture, give good cleaning 

results and permit to have homogeneous cleaning results thanks to their mechanical 

adaptability to the surface. However, they present important drawbacks related to 
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left gel residues on the treated surface. Gels from polyacrilic acid or cellulose ethers 

belong to class of physical gels: the impossibility to attain a complete removal from 

the surface after treatment is related to the characteristic scarce cohesion forces of 

this class of gels. More recently a new class of physical gels, based on the use of 

polysaccharidic materials such as agar-agar or gellan gum, was introduced in 

restoration practice. These gels, which restorers refer to as “rigid gels”, are 

characterized by a fixed shape and permit, thus, a residue-free treatment. Their 

limitations are related to their retention features, which in some cases may be not 

sufficient for the treatment of highly sensitive materials, and the scarce mechanical 

stability, that may reflect in difficult manipulation. 

 

In the past ten years, workers at CSGI (Center for Colloids and Surface Science) 

have largely contributed to the development of innovative and increasingly efficient 

gelled systems, able to be effective and versatile and, at the same time, to overcome 

some of the main drawbacks related to the use of the mentioned “traditional gels” 

used in restoration.  

The present research starts from one the most recent developments in gel 

technology attained at CSGI in recent years, concerning the synthesis of high 

retentive semi-IPN hydrogels obtained through polymerization reaction of hydoxy-

ethyl-methacrylate (HEMA) in presence of polyvinylpirrolidone (PVP) (see 

publication list in Annex).  

The second experience that inspired this work has been the internship carried out in 

the framework of Progetto Pegaso (Regione Toscana) and Nanoforart (Seventh 

Framework Programme) at the Instituto del Patrimonio Cultural de España (IPCE). 

The work at IPCE was centered on the assessment of the use of gel materials in 

cleaning praxis and was carried out in collaboration with experienced restoration 

specialists. The assessment, carried out on both, “traditional gels” (Klucel®, 

Carbopol®, agar-agar) and innovative p(HEMA)/PVP semi-IPN hydrogels, 

permitted to get a deep insight on advantages and drawbacks of each tested gel 

system. Moreover, this experience enabled to achieve awareness on the general 
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requirements for an ideal gel system for cleaning cultural heritage artifacts, which 

might be summarized as follows: 

(i) High retention features to grant low diffusivity rates of the cleaning 

system and, thus, permit a controlled cleaning action.  

(ii) Easy and residue-free removal, which is strictly connected to cohesion 

forces and mechanical properties of the gel. 

(iii) Good adhesion properties, necessary for a homogeneous interaction 

and thus a uniform cleaning action, especially in case of irregular or 

three-dimensional surfaces.  

(iv) Versatility, that is, adaptability to different cleaning issues.  

(v) Chemical inertness towards the original materials composing the 

artifact. 

In respect to already existing gel systems, the synthesis of blended PVA-based 

systems is addressed principally to the improvement of point (ii) and (iii). In fact, 

usually, it might be improbable that a system is characterized by both, good 

mechanical features adhesion properties. As an example, a chemical gel, with its 

high cohesion forces, permits a residue-free removal but might be to rigid to grant a 

good adhesion to the surface and thus a homogeneous cleaning result. On the other 

hand, a physical gel with a jam-like texture might perform a homogenous cleaning, 

but the scarce cohesion forces don’t permit a complete removal of the gel residues. 

The presented PVA-based hydrogels are highly elastic, have a high degree of 

mechanical adjustability and are characterized by enhanced mechanical features. 

Thus, they permit to achieve both, a homogenous cleaning, even on irregular or 

molded surfaces, and a residue-free treatment.  

In this thesis two different methods for the synthesis of blended PVA-based 

hydrogels are presented, both involving crystallites formation that leads to network 

formation. Different features, such as enhanced mechanical properties or 

hydrophilicity, can be obtained by addition of a second polymer 

(polyvinilpirrolidone or polyethylene glycol).  
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The first part of the thesis is an overall introduction to the use of gels in restoration 

practice. The advantages related to different classes of gels are highlighted and the 

reader is provided with the general terms for the classification of gels. 

The following section is focused on the fundamentals necessary for a deep 

understanding of the processes leading to gel formation and the mechanisms and 

advantages that can be attained through the blending process of polymers. The three 

main processes involved in the synthesis of the presented systems (polymer 

blending, gel formation and polymer crystallization) are detailed and then 

specifically addressed to PVA-based hydrogels. 

The experimental section is dedicated to the description of the synthesis methods, 

the instrumental techniques used for characterization and the discussion of the 

experimental results. Finally, some application properties and preliminary cleaning 

tests are presented. 
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Cleaning with gels is a subject that has been receiving increasing interest in the last 

decades from a wide array of conservators and restorers because it permits to deal 

with most of the recently debated issues regarding the cleaning procedure of 

cultural heritage artifacts.   

The aim of this chapter is to introduce to the main concerns on the use of “free” 

organic solvents and to the advantages that can be achieved through the use of 

aqueous methods coupled or hosted within gel systems. Moreover, an overview on 

gels whose use in restoration procedures is already well established and on the most 

recent developments in gel-technology research will also be provided.   

References for the different materials will be given in each section, however for a 

more detailed and all-embracing description of the systems resulting from 

developments in nanoscience for conservation, the reader is referred to two recent 

publications (Baglioni et al., 2015; Baglioni and Chelazzi, 2013). 

 
 
1.1 Cleaning cultural heritage artifacts 

 

Cleaning represents one of the most delicate and controversial procedures during 

the restoration process of a cultural heritage artifact. The term “cleaning” typically 

refers to the operations related to the removal of grime and soil from the surface, 

but also to the partial or complete removal of degraded layers such as aged and 

yellowed varnishes, adhesives or other potentially harmful materials. Since it is a 

completely irreversible process, its execution implies many risks for the artwork: 

usually the materials to be removed and those pertaining to the artifact consist in 

complex layered structures of few hundred of microns, thus, a very high control 
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over the action of the cleaning agent is required. However, cleaning is a necessary 

step since it permits, on the one hand, to restore the original esthetical features and 

to improve the readability of the artwork, on the other hand, as stated by Bonsanti, 

it represents “…the condition for the access to the surface of the artifact…” 

necessary for any further intervention: “… if there is no access to the artifact, also 

the conditions for other structural and conservative interventions are generally 

missing…” (Bonsanti, 2002).  

Through the centuries cleaning was performed through the use of a great variety of 

materials, mainly soaps, alimentary products (wine, vinegar, lemon juice) or even 

biofluids such as saliva, urine or blood. Nowadays, “free” organic solvents are the 

most used materials for the cleaning of artifacts, although much attention is 

addressed towards more innovative systems such as gels, thickeners and aqueous 

cleaning systems.  

 

 

1.2 Cleaning with “free” solvents 

 
Among the “traditional” materials for the cleaning of artifacts, organic solvents are 

probably those considered the more comfortable by restorers and conservators. The 

apparent ease of handling and predictability of their action, the low cost and the fair 

effectiveness make organic solvents being the most common cleaning tool in 

restoration. 

However, the use of “free” organic solvents entails some drawbacks related to risks 

for the treated artifact and potential hazard to the health of the operator. In fact, 

some undesired effects such as swelling of binding media, pigment alteration, 

transport and re-deposition of dissolved matter through the porous matrices, may 

arise. Moreover, cleaning with “free” solvents implies a general lack of control in 

cleaning process, caused by impossibility of monitoring penetration and spreading 

of the solvent within the treated matrix, that can lead to removal of original 

“patinas” considered as historical part of the artifact, or “invisible”, but essential, 

components of the paint layer.  
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Cleaning with solvents is usually carried out according to the principle of “like 

dissolves like”, that is, selectivity of solvents action is achieved by choosing a 

solvent that is considered to have adequate polarity for the solubilization of the 

undesired layer, without affecting the underlying paint layers. However, rarely the 

substrate results completely inert. The most common procedures for the selection of 

the appropriate solvent are based on the definition of the solubility parameters of 

the solvent (Hansen, 2007; Teas, 1968) and on practical tests for the determination 

of polarity of the layer to be removed, as for instance the Feller test (Cremonesi, 

1998; Feller, 1976). To assist and facilitate conservators in their approach to solvent 

cleaning, also interactive digital programs were created, such as the “Triasol” 

(Cremonesi, 1999). Nevertheless, final evaluation of selectivity is usually entrusted 

to simple visual analysis of the operator, obviously unable to detect possible 

undesired consequences on a microscopic or molecular level. Burnstock and 

Learner evidenced through electron microscope analysis erosion phenomena of the 

treated surface after removal of aged mastic varnish by means of alkaline 

substances (Burnstock et al., 1992). Furthermore, the removal of oxidized varnishes 

usually requires the use of highly polar solvents, that are know to cause swelling 

and leaching of low-molecular weight components of the binding medium, causing 

stiffening and embrittlement of the paint layers. This effect has been reported on 

both, oil and tempera paint films (Khandekar et al., 1994; Phenix and Sutherland, 

2001). 

In addition to the risks related to the integrity of the artifact, also high toxicity of 

most organic solvents needs to be considered. The high volatility of solvents 

coupled with the difficulty to grant safe working conditions in restorer’s workshops 

and studios increase the risks correlated to solvents toxicity. The increased 

awareness on safety of the working environment resulted in seeking alternative 

products able to be effective and, at the same time, less harmful for the operators. 

As a result, much research has been carried out in the last decades on the use of 

aqueous cleaning systems and gels.  
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1.3 Aqueous methods  

!
Aqueous methods permit both, to reduce toxicity of the cleaning systems and the to 

control cleaning effectiveness and the interaction with the substrate by varying the 

properties of the system. In the last decades, Richard Wolbers has been one of the 

major promoters of the use of aqueous methods for cleaning painted surfaces 

(Wolbers, 2000).  Wolbers’ aqueous approach to cleaning is mainly based on the 

principle that the characteristics of water as a solvent can be varied by addition of 

other compounds, as for instance acids and alkalis, surfactants, chelating agents or 

enzymes. In this way, the aqueous system becomes able to interact also with 

materials originally not soluble in water. Control on the action of the cleaning 

systems is achieved by modulating parameters such the solutions viscosity, the pH 

and the ionic strength. As for the use of solvents, computer programs were created 

and shared with the conservators’ community to provide practical guidelines for the 

testing of the suggested aqueous cleaning systems (Stavroudis, 2009; Stavroudis et 

al., 2005). 

A significant contribution to aqueous cleaning methods was introduced by 

developments of nanostructured cleaning fluids. Since the first application, in the 

late 1980s, of a nanostructured fluid system for the removal of wax spots from 

Italian Renaissance wall paintings in Florence (Borgioli et al., 1995), several 

systems have been developed and successfully applied. Nowadays an extended 

literature reporting the use of complex fluids is available, proving them to be one of 

the most appealing and valid alternatives to the use of solvents for the selective 

removal of synthetic materials (Baglioni et al., 2012, 2014; Carretti et al., 2007, 

2003a).  

A typical class of nanostructured fluids that has been widely used for the cleaning 

of cultural heritage artifacts is represented by oil-in water microemulsions. A 

microemulsion is defined as a “liquid, stable and homogeneous, optically 

transparent, isotropic and “spontaneously” formed system, comprising two liquids 

mutually insoluble…stabilized by at least a monolayer of amphiphilic molecules 

(surfactants)” (Danielsson and Lindman, 1981). In an oil-in-water microemulsion, 
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water represents the continuous phase; the organic solvent (oil) is dispersed within 

the aqueous phase thanks to formation of micro- or nano-sized micells that are 

stabilized by the presence of a surfactant. These systems are thermodynamically 

stable and optically transparent; the continuous phase (i.e. water) represents the 

major component (75-99%), while the quantities of organic components (i.e. 

solvents and surfactants) are reduced (0,5-15%). These matter of facts make easy 

understand some of the major advantages related to the use of microemulsions with 

respect to conventional cleaning systems: (i) oil-in water formulations require very 

small amounts of solvents and, thanks to aqueous medium, permit a general 

reduction of the evaporation rate; thus, a consistent depression of toxicity and 

environmental impact is achieved; (ii) spreading of solubilized material (organic 

coatings, wax, etc.) into the porous matrix of the artifact may be limited since the 

removed hydrophobic material is surrounded by the hydrophilic aqueous phase that, 

acting as a barrier, may prevent re-deposition within the substrate porosity; (iii) 

owing to their small size, nano-droplets within a microemulsion are characterized 

by a huge exchange surface area; such extended interface maximizes the interaction 

with the detrimental layer facilitating its swelling/solubilization.  

Microemulsions were initially designed for the removal of aged synthetic coatings 

from wall paintings. In fact, the use of aqueous solutions and water-based systems 

is generally discouraged on water-sensitive substrates as canvas, preparation layers, 

paper artworks, gypsum or wood. Swelling phenomena induced by water absorption 

in these hydrophilic materials can lead to mechanical stress that may cause 

detachment of paint layers or to solubilization of water-soluble components.  

However, aqueous methods can be, and actually are, successfully used for the 

cleaning of water-sensitive artifacts if applied in a confined form (i.e. in a gelled or 

thickened form), that permits to control diffusion of the liquid within the treated 

matrix and to confine its action at the interface. 
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1.4 Gels for cleaning 

 
Confining cleaning systems within a gel network that releases them gradually onto 

the treated substrate, permits to address the task of removing undesired layers 

without affecting the materials pertaining to the artifact either chemically or 

physically. Currently, conservators have adopted several gel and “gel-like” 

formulations (e.g. thickening agents), since they permit to minimize the drawbacks 

related to the use of free fluids (see sections 1.2 and 1.3). In particular, advantages 

entailed by the confinement of cleaning fluids within gels or highly viscous 

matrices can be summarized as follows: (i) the increase in viscosity drastically 

lowers the extent and the rate of penetration into the porous substrate, thus, the 

cleaning action is selectively limited at the interface between the artifacts surface 

and the environment; (ii) high viscosity also reduces the mobility of solutes inside 

the gel phase, thus, the rate of solubilization is much lower with respect to 

solubilization with a free fluid phase; lower solubilization kinetics allow higher 

control on the cleaning action; (iii) interaction of the liquid phase with gels network 

result in a drastic decrease of in the evaporation rate, with a strong reduction of 

toxicity issues; (iv) gel systems are very versatile; depending on their 

characteristics, they can be used as carriers for both, organic solvents and  aqueous 

methods (i.e. enzymes, chelating agents, microemulsions, etc.); (iv) gels can be 

used on a great variety of supports; although the use of gels was introduced 

specifically for the cleaning of easel paintings, nowadays they have found 

application on the treatment of  wide array of painted supports, such as glass 

(Valentin et al., 1996), metals (Tomozei and Balta, 1998) and feathers (da Silveira, 

1997). 

A brief but comprehensive overview of the classes of gels currently used in 

restoration and on the most recent developments in these intriguing systems will be 

provided in the following sections. However, the next section will detail some of 

the basic concepts and definitions, in order to focus on the main classes and general 

features characterizing gel systems. 
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1.4.1 Definition and classification of gels 

  

According to terminology of the international Union of Pure and Applied Chemistry 

(IUPAC), a gel is defined as a “non-fluid colloidal network or polymer network that 

is expanded throughout its whole volume by a fluid”, (Alemán et al., 2007). In other 

words, gels are soft materials made up by interconnected polymer chains or 

colloidal particles, entrapping a consistent quantity of fluid throughout their 

network. As a consequence, their physical properties are in-between those of a solid 

and of a liquid.  

Despite the conspicuous literature available and the large amount of publications, 

the discussion on a universally recognized definition of the term "gel" is still open. 

The concept of gel has emerged in the field of colloid chemistry, but owing to the 

numerous fields of application and the variability of the characteristics of gel 

systems, the classification criteria greatly depend on the reference theoretical 

background (i.e. chemical, physical, biological, etc.) and on considered criteria (e.g. 

source of the gelator, structure, functional groups, etc.). As a consequence, during 

the last century several definitions and classifications were proposed by the 

scientific community, with the aim to allow identification of the phenomenological 

characteristics that are common to all gel systems, independently of their 

composition and molecular structure. 

In the mid-20s Lloyd states that the condition of the gel is "easier to recognize than 

to define" (Lloyd, 1926). However, a rule seems to be applicable to all gelified 

systems: they are “ build up of two components, one of which must be a liquid, and 

the other of which, the gelling substance proper, often spoken as the gelator, is a 

solid” (Lloyd, 1926). In addition to this latter compositional requirement, Lloyd 

highlights that also mechanical properties characterize the condition of gel: “the gel 

itself has the mechanical properties of a solid, i.e. it can maintain its form under the 

stress of its own weight, and under any mechanical stress it shows the phenomenon 

of strain”. Almdal (Almdal et al., 1993) proposes a definition based on the 

following phenomenological characteristics: (i) (gels) consist of two or more 



Chapter 1 

!

!"#!

components one of which is a liquid, present in substantial quantity and (b) they are 

soft, solid, or solid-like materials. The solid-like characteristics of gels are further 

defined in terms of the dynamic mechanical properties (Almdal et al., 1993). 

Important milestones were set by the development of statistical approaches for the 

prediction of the gel point and the modeling of gel formation, such as the “classical 

statistical theory” postulated by Flory and Stockmeyer, and the “percolation model” 

described by Zallen and Stauffer, that will be recalled in Chapter 3, and for which 

the reader is referred to literature (Flory, 1953; Stauffer et al., 1982; Zallen, 2008).  

Considering the intrinsic complexity and the vast array of gel classes, we will 

proceed focusing on the topic of this dissertation, that is, gels made up by polymers. 

According to IUPAC recommendations (Alemán et al., 2007) a gel network formed 

by polymers is described as “a covalent polymer network, e.g., a network formed by 

crosslinking polymer chains or by non-linear polymerization” or “a polymer 

network formed through the physical aggregation of polymer chains, caused by 

hydrogen bonds, crystallization, helix formation, complexation, etc., that results in 

regions of local order acting as the network junction points”. This definition 

introduces one of the criteria of classification used for the description of gels 

formed by polymers, that is the nature of the interactions responsible for the 

formation of the 3-D network. 

Fig. 1.1 shows the two main mechanisms leading to network formation. For a gel of 

type A, network junction points are formed thanks to different types of non-

covalent interactions that are formed between the macromolecular chains. These 

kinds of gels are usually referred as “physical gels”, since formation of cross-links 

involves hydrophobic, electrostatic, van der Waals interactions or hydrogen bonds. 

Typically, polymers like polystirenes, polyacrylates, proteins, cellulose, etc., form 

physical gels (Guenet, 1992). Formation of gels of type B involves chemical 

reactions such as polymerization and/or cross-linking, thus the three dimensional 

network is build up through covalent bonds and can be considered as a single giant 

molecule. These kinds of gels are referred as “chemical gels”.  
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Fig. 1.1: (A) gel formation through physical association of polymer chains (physical gel); 

(B) gel made by polymerization and crosslinking (chemical gel). Readapted from (Baglioni 

and Chelazzi, 2013) . 

 

The energies of interactions in physical gels range approximately around 1-120 kJ 

mol-1, whereas the energies involved in covalent bonds formation are much higher, 

ranging from 200 to 650 kJ mol-1. The characteristic energies involved in network 

formation are responsible for the profound difference between these two categories 

of gels.  Owing to weak interactions existing between macromolecular chains, 

physical gels are thermoreversible. Increasing the temperature over a given 

threshold, that depends on chemical nature of both, the gellant and the liquid phase, 

leads to melting of the supramolecular structure: the single molecules are re-

dispersed in the solvent bulk phase and a “sol” is obtained. By cooling back to 

original temperature a sol-gel transition occurs and the system turns back into 

gelled form. Differently, chemical gels are thermally irreversible systems: 

increasing temperature over a critical value results in the breaking of bonds and 

after cooling the system is not able to reproduce the original structure. 
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Table 1.1 summarizes the main differences between chemical and physical gels; it 

is important to remark that as the energy involved in physical gels increases 

(hydrophobic < van der Waals < hydrogen bonds < electrostatic forces) the less 

substantial become the differences.  

 

 Physical gel Chemical gel 
Cross-linking Weak interactions Covalent bond 
Thermal behavior Reversible  Irreversible  
Solvent dilution Eventually solubilizes Swells but not solubilizes 
Shape Mechanically adjustable Fixed  
Elastic modulus Intermediate values High values 
Tab. 1.1: principal differences between physical and chemical gels. 

 

Selection of the most appropriate gel system for cleaning a cultural heritage 

artifacts surface must keep in mind that the nature of interactions within the 

polymer gel network has direct consequences on application properties such as 

mechanical stability and gels ability to be residue-free. The strong cohesive forces 

in chemical gels permit to ensure that no gel residues are left on the treated surface 

after treatment. On the other hand, physical gels have the advantage of being 

mechanically adjustable, granting a perfect adhesion and, thus, a more 

homogeneous interaction with the treated substrate. However, physical gels often 

leave residues on the surface, that need to be removed with appropriate solvent 

systems that might cause damage to the artifacts original materials.  

A second criterion used for the classification of gels is based on the fluid that can be 

retained by the network (“gelator”) and its hydrophobic/hydrophilic features. In 

fact, if the gelator consists in a hydrophobic polymer, the network will equilibrate 

with a non-polar solvent, forming a so-called organogel. On the other hand, a 

hydrophilic network will swell in presence of a hydrophilic solvent. If the 

hydrophilic solvent is water, the system is usually referred as a hydrogel. If the fluid 

is not a liquid but a gas, as for instance air, the gel is called aerogel. Finally, 

xerogels are solid systems obtained after drying a swollen gel. 
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The affinity of the network for different solvents is of paramount importance for 

application purposes: if for instance a hydrophilic gel is immersed in a hydrophobic 

solvent, the network will shrink in order to minimize contact with the solvent, 

making the system completely unusable. As will be described in the following 

sections, both, organogels and hydrogels are used for the cleaning of works of art. 

 

 

1.4.2 Conventional gel systems in restoration practice 

 

The most part of gelators traditionally used for the preparation of thickened or 

gelled systems for the cleaning of artistic substrates belong to water-soluble 

polymers. Some of the systems that will be described in this section do not 

correspond to definition of gels in its strict sense, however, for simplicity, and since 

they all display the macroscopic appearance of gels, we will adopt the terminology 

in use among restorers.  

Cellulose ethers as e.g. Klucel®, Tylose and hydroxy-propyl-cellulose represent 

one important and widespread class of materials for the preparation of cleaning 

systems in restoration procedures. These hydrophilic polymers are used to thicken 

water and, in some cases, polar solvents such as some alcohols. For preparation, the 

polymers are dispersed in the liquid phase by stirring at room temperature or under 

heating, and then letting rest for about one day to permit the system to reach 

equilibrium. The obtained jam-like system can be applied on the surface to be 

cleaned, exhibiting film forming and adhesive properties (see Fig. 1.2).   

Cellulose ethers belong to class of physical gels; as can be seen in Fig. 1.2, their 

scarce cohesive forces make them prone to leaving residues on the surfaces with 

which they are put in contact. Due to adhesiveness of the gelling materials, left 

residues may be hard to remove, even after accurate rinsing, and the removal may 

be invasive for the original substrate (Casoli et al., 2014). The presence of cellulosic 

residues might increase the possibility of microbial proliferation on the surface, 

depending on the hydrophilicity of the substrate and on storage conditions. 
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Fig. 1.2: Application and removal of a Klucel® “gel” (Baglioni et al., 2015). 

 

Another class of physicals gels commonly used as cleaning systems is based on 

gelation of synthetic polymers derived from polyacrilic acid (e.g. Carbopol®, 

Pemulens®). The use of polyacrilic acid was introduced along with the 

development of “solvent gels”, a class of materials proposed in the late 1980s by 

Richard Wolbers (Wolbers et al., 1988). “Solvent gel” formulations are based on 

the combination of two materials, the gellant (i.e. polyacrilic acid), characterized by 

the presence of many carboxylic groups, and a non-ionic surfactant (Ethomeen C12 

or C15) with weak basic properties. Gelation of the system occurs consequently to 

partial neutralization of the acidic functions of polyacrilic acid that produces 

negatively charged carboxylate groups that repel each other through electrostatic 

interactions. This effect results in a significant extension of the chains, otherwise in 

folded conformation, and in formation of the gelling network. 

 
Fig. 1.3: Chemical formula of polyacrilic acid. 
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Fig. 1.4: Structure of Ethomeen C12 (top) and C25 (bottom). R is usually between 8-20 
carbon atoms. For Ethomeen C25: X+Y=15 (Baglioni and Chelazzi, 2013). 

 

The preparation of solvent gels is made through dispersion of polyacrilic acid 

(~1%w/w) into the solvent or solvent mixture. Then the surfactant is added (10-

15% w/w) while the system is maintained under stirring. The further addition of 

water in small amounts (~5% w/w) produces a drastic increase in viscosity, leading 

to gel formation.  

The two surfactants, Ethomeen C12 and C25, differ for their hydrophilic-lipophilic 

balance (HLB) and are thus used to induce gelation in solvents or solvent mixtures 

characterized by different polarities. Ethomeen C12 is used for gelation of low 

polarity solvents, while C25 is more suitable for highly polar solvents. In fact 

“solvent gels” are versatile and fair effective and, thus, among the most used gelled 

cleaning systems.  

However, as for other mentioned physical gels for cleaning, left residues after 

treatment represent still the main limitation to a safe use of “solvent gels”. In fact, 

degradation phenomena induced by the presence of residues of the non-volatile 

components (poymer, surfactant) are unpredictable. Risks would include a possible 

increase in solubility of paint layers, or in a general alteration of the paint’s 

chemistry. 

Due to these concerns, several studies have been carried out to investigate on the 

residue question. Stulik et al. carried out an extensive study on residue detection 

and degradation through accelerated aging (Stulik, 2004). Burstock and Kieslich 

demonstated through the use of several experimental techniques (e.g. GC-MS, 
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SEM) that residues of Ethomeen are left on the treated surface even after all the 

recommended clearance procedures were followed (Burnstock and Kieslich, 1996).  

Moreover, clearance recommendations for the removal of residues involve the use 

of free solvents or solvent mixtures, implying some of the drawbacks related to the 

use of “free” solvents exposed in section 1.2.  

Recently, polysaccharide materials such as agar and gellan gum have been proposed 

for residue-free surface cleaning purposes (Campani et al., 2007; Iannuccelli and 

Sotgiu, 2010). Polysaccharide gellants are widely used in biomedicine, 

pharmacology and food industry. They are non-toxic and can be attacked by 

bacteria (in fact, agar is used in biology for the preparation of culture media). These 

materials are applied on the surfaces to be cleaned either as a highly viscous 

solution or as so-called “rigid gels” (see Fig. 1.5).  

 

 
Fig. 1.5: “Rigid gels” obtained from polysaccharide materials: an agar agar gel (2%) loaded 

with water (Baglioni et al., 2015).  

 

Their use as “rigid gels” permits to perform cleaning treatments leaving almost no 

residues, as reported in literature (Gulotta et al., 2014). The procedure for obtaining 
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the gels starting form polysaccharide polymers is very similar for the two 

considered materials: gallant is added to water (concentrations usually range from 1 

to 4% w/w) and heated up to 80°C, which leads to random coil conformation of the 

macromolecules of the gallant. Rearrangement of the molecules upon cooling 

results in formation of a thermoreversible highly porous gel structure. 

Agar is extracted from cell walls of red seaweed (mainly Gelidium and Gracilara) 

and is composed on agaropectin and agarose. Agar gels can be used with chelating 

agents, enzymes or surfactants at different pH values (Gulotta et al., 2014); recently 

they have been used also loaded with nanostructured cleaning fluids 

(microemulsions) for the removal of hydrophobic materials from porous surfaces 

(Gorel, 2010). 

Gellan gum, also branded as Phytagel® and Kelcogel®, is a water-soluble 

polysaccharide produced by the bacterium Pseudomonas elodea, its repeating unit 

is a tetrasaccharide consisting of (1-4)-!-D-glucose, (1-4)-!-D-glucuronic acid, (1-

4)-!-D-glucose and (1-4)-"-L-rhamnose. Gellan gum hydrogels used for the 

cleaning of artifacts are compact, visco-elastic, non-adhesive and homogeneous 

structures, stable at different pH values. Inannuccelli and Sotgiu studied the 

application of gellan gum for the cleaning of paper artifacts, observing that the gels 

are able to retain the dirt and that they can be removed without leaving substantial 

residues (Iannuccelli and Sotgiu, 2010). Moreover, the gels were loaded with 

enzymatic solutions or tert-butyl aminoborane. Gellan gels are also able to retain 

small amounts of polar solvents, as for instance ethanol or isopropanol. 

Agar and gellan gum gels permit gentle surface cleaning or controlled 

humidification also on water-sensitive artifacts such as paper, however, in some 

cases their water retention features can be not sufficient, as for instance where 

leaching or loss of components (water-soluble colors or inks) might take place due 

to excessive wetting (Domingues et al., 2013). 
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 1.4.3 Innovative gel systems  

 

The aim of recent experimentation of new gel formulations, was the development of 

materials with enhanced properties compared to those discussed in section 1.4.2. 

Ongoing research has been particularly centered on development of specific key 

features such as the improvement of mechanical properties (to ensure ease of 

handling and a completely residue-free treatment) and high retentiveness (to permit 

a highly controlled cleaning process even on sensitive substrates).  

In these frame, colloid and soft matter science has produced a significant 

contribution, designing a large array of advanced gels and gel-like systems of which 

some examples will be reported in the following paragraphs. 

Strategies for the easy and complete removal of gels after cleaning treatment were 

draw up through the development of stimuli-responsive gels, that is, gels that can be 

easily and rapidly removed owing to their responsiveness to either a chemical, 

physical or mechanical “switch”. 

As an example, polyamine (i.e. polyallilamine, PAA, or polyethylenime, PEI) based 

rehoreversible gels, are able to be switched from a solution-type into a gel-type 

system through a simple chemical action (Carretti et al., 2004, 2003b). Bubbling 

CO2 through a PAA solution converts it into a gallant through formation of 

polyallylammonium carbamate (PAACO2) characterized by strong inter-chain 

interactions. The as formed gel is directly applicable onto a painted surface. After 

cleaning action rheoreversible gels are removed can be removed by simply adding 

in situ a small amount of a weak aqueous solution (0.05M) of acetic acid. 

Decarboxylation reaction promoted by the acetic acid solution reverts the gel back 

to a liquid, which can be soaked up with a cotton swab. 

Gelled systems of PAA in 1-pentanol were used for the removal of aged varnish 

from a gilded 19th century frame (Carretti et al., 2005), while PEI based gels proved 

to be effective on painted surfaces and gilded wood artifacts (Carretti et al., 2010a, 

2008, 2005).  



Cleaning with gels 

!

! "#!

Gels responsiveness to external stimuli was further investigated by synthesis of 

networks able to respond to an external magnetic field. With this purpose, magnetic 

nanoparticles were functionalized and associated with acrylamide based gels 

(Bonini et al., 2008, 2007). Acrylamide hydrogels act as containers for water or 

aqueous solutions (e.g. microemulsions), that they are able to release in a controlled 

way on the surface with which they are put in contact. Thanks to magnetic 

properties, removal of the gel can be carried out by completely avoiding any direct 

handling of the gels, by means of a permanent magnet. This feature might be 

particularly suited in case of artistic surfaces that are extremely sensitive to 

mechanical stress.    

Recently, chemical hydrogels with enhanced retentiveness have proved to be 

promising systems. They permit a safe and effective cleaning even on highly water-

sensitive artifacts, providing at the same time completely residue-free results. Semi-

interpenetrating networks (semi-IPN) were obtained by embedding 

poly(vinylpirrolidone) (PVP) within a poly(2-hydroxyethylmethacrylate) 

(p(HEMA)) network (Domingues et al., 2014, 2013). Blending p(HEMA) and PVP 

permit to take advantage of the best features of both polymers, that is good 

mechanical strength provided by p(HEMA) and high hydrophilicity characteristic of 

PVP. Moreover, hydrogels characteristics, as for instance water retention properties, 

can be tuned by varying compositional ratios. Hydrogels are transparent and can be 

prepared in the shape of elastic foils that can be easily manipulated and removed 

from surface after cleaning (see Fig. 1.6), without leaving residues (as assessed 

through FT-IR analysis (Domingues et al., 2013)). Gels can be loaded (typically by 

immersion for at least 12h) with water or water-based nanostructured fluids (i.e. 

microemulsions) for the removal of both, hydrophilic surface grime (Domingues et 

al., 2013) or hydrophobic materials (Domingues et al., 2014). Although gels were 

originally designed for water-based systems, they are also able to load some polar 

solvents (e.g. glycols, alcohols, ethanolamine). 
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Fig 1.6: Removal of hydrophilic superficial grime using a p(HEMA)/PVP semi-IPN 
hydrogel loaded with water (Domingues et al., 2013). 
 

Besides chemical gels, “gel-like” poly(vinyl alcohol) (PVA, or partially hydrolyzed 

poly(vinyl acetate), PVAc) based systems for the cleaning of artworks were 

developed (Carretti et al., 2014, 2010b, 2009). Owing to their rheological behavior 

they cannot be strictly defined as gels, therefore they are referred to as Highly 

Viscous Polymeric Dispersions (HVPD). HVPDs were obtained by adding borax to 

a PVA aqueous solution. The gel-like network is due to formation of cross-links 

between borax and PVA hydroxyl groups. The nature of cross-links depends on 

several factors as pH, temperature, concentration of the reagents and chemical 

composition of the system (Keita et al., 1995; Koike et al., 1995; Wu et al., 1990).  

 
Fig. 1.7: removal of PVA-borax HVPDs with different borax content (left, center); 
comparison with properties of a traditional polyacrylic acid gel (right) (Carretti et al., 2009).  
 
After use as cleaning agents, visco-elastic properties of these systems permit their 

removal through a simple peeling action. In fact, if compared to traditional cellose- 

or polyacrylic acid-based hydrogles, PVA- and PVAc-borax HVPDs respond in a 
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more elastic way to the mechanical action (peeling) typically involved during 

removal (see Fig. 1.7). This rheological feature permits a safe removal without 

leaving detectable residues, as assessed by FT-IR. 

HVPDs are able to load different solvents including ethanol, 1-pentanol, 2-butanol, 

1- and 2-propanol, acetone, cyclohexanone, N-methyl-pyrrolidinone and propylene 

carbonate. The use of partially hydrolyzed PVAc further extends the range of 

solvents that can be loaded, and allows the preparation of HVPDs with increased 

quantities of organic solvent (Angelova et al., 2011). 

As an example, PVA-borax-acetone systems were used for the removal of highly 

degraded and darkened layers of natural resins from the “Coronation of the Virgin 

with Saints”, an egg tempera on wood panel by Neri di Bicci (Carretti et al., 2010b).  

 

1.5 Final remarks 
 
It is important to recall that since cultural heritage artifacts are unique, each case 

study exhibits specific characteristics and a universally valid cleaning procedure 

does not exist.  The use of gels permits to avoid some of the main drawbacks related 

to the use of free fluids. However some gel systems may present some 

disadvantages, as for example a difficult and not complete removal or insufficient 

retention properties to grant a controlled cleaning action. The characteristics 

required to an efficient gel system for the use in restoration practice may be 

summarized as follows: 

- High retention features are necessary to grant low diffusivity rates of the 

cleaning system within the artifacts matrix and, thus, permit a controlled 

cleaning action. Moreover, they permit to reduce volatility of the fluid 

resulting in a decrease of toxicity. 

- Easy and residue-free removal. Ease of handling and residue-free removal 

are usually achieved by enhancing mechanical or elastic properties. As a 

general rule, the stronger are interactions between the macromolecules 

forming the gel network, the more enhanced are gels mechanical features 
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owing to stronger cohesive forces. In fact, the synthesis of chemical gels 

represents a possible strategy to avoid residues. 

- Good adhesion properties are necessary to grant a homogeneous interaction 

and thus a uniform cleaning action. Being mechanically adjustable, physical 

gels usually provide better adhesion; this feature is especially required on 

irregular or molded surfaces. 

- Versatility in terms of adaptability to different cleaning issues, that is, the 

removal of the various classes of detrimental materials that might be found 

on artifacts surfaces. From a practical point of view, this means that an 

organogel must be able to load and retain an array of solvents, while a 

hydrogel must be able to be used in association with different aqueous 

cleaning methods. 

- Chemical inertness towards the original materials composing the artifact. 

It is improbable that a single gel formulation displays these features all together: the 

most appropriate choice for each case study will be dictated case-by-case by the 

specific needs and characteristics of the artifact. 

In this dissertation we present the synthesis and characterization of physical PVA-

based hydrogels that display at the same time good adhesion properties typical for 

physical gels, but enhanced mechanical features that permit a residue-less treatment 

of surfaces. In fact, the physical network is obtained through cross-links made up by 

crystallites, that is, junction points consist in ordered regions presenting a great 

number of hydrogen bonds.  Owing to great number of interactions, strength of 

cross-links is comparable with those of chemical gels.  

Hydrogels can be loaded with water and nanostructured fluids (microemulsions) 

and are, thus, suitable for the removal of different classes of materials using low-

toxicity water-based cleaning systems. 

Moreover the possibility of tuning hydrogels properties (e.g. hydrophilicity, 

porosity and cohesion) through blending with further components as poly(vinyl 

pyrrolidone) and poly(ethylene glycol) was also investigated. 
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Chapter 2 – Polymer Blends 
 
 
 
The present chapter has the aim to introduce to the concept of polymer blends in 

order to provide the reader with the basic thermodynamic concepts regarding the 

interaction that may occur in a blended polymer system and advantages that can be 

attained through blending process. 

 

2.1 Blending Polymers 

 

Blending polymers is a topic of great interest because it permits to produce new 

material systems with desirable features. Thus, much research has been done in the 

last decades to improve knowledge in polymer blend technology (Paul and 

Newman, 1978; Robeson and Robeson, 2007). In fact, polymer blends often 

represent a low-cost alternative to the development of new monomers and 

polymers, or to block and graft copolymerization, because they permit to obtain 

similar results with reduced research and development expense.  

The possibility to match the requested properties by blending different 

macromolecules together is connected to combination of polymer properties 

according to concepts of additivity and synergism (Paul and Barlow, 1980). 

When two polymers are mixed together, additivity of polymer properties means that 

in the resulting blend a specific property will be a weighted average in respect to 

that of the pure components. The averaging of properties has many potential 

benefits, because it permits to tune them in order to meet a specific requirement. 

Additivity is the most common composition correlated relationship in which 

polymer properties interact in a blend. 
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Less frequently, in a blend, a specific property of the single components may 

interact in a synergic way. That is, the maximum value of that property is larger 

than for the single components. 

On the other hand, if the property exhibits a minimum when plotted versus blend 

proportions, blended polymers are called “incompatible”. 

 
Fig 2.1: Possible effects on properties in relation to component concentration resulting from 
the blending of two polymers A and B (Paul and Barlow, 1980). 
 

The situation of incompatibility, which often results in poor mechanical properties, 

is mainly due to scarce interfacial adhesion between the components. In fact, the 

most important limitation for the development of new materials through polymer 

blending is that most blends of high molecular weight polymers prove to be 

immiscible.  After being mixed together, the blend components tend to separate into 

phases containing mainly their own kind. Low mechanical properties are often a 

result of this behavior combined with low physical attraction between the phase 

boundaries. Thus, one of the major issues in designing polymer blends is to obtain a 

system in which a good stress transfer within the multicomponent system is 

achieved.  Actually, polymer incompatibility has not to be confused with 

immiscibility. If a blend system is able to form miscible amorphous phases, that is, 

a single-phase system, the components are able to mix at the molecular level. 
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However, strategies have been devised to address the problem of compatibility, 

with the result that today the vast majority of commercial polymer blends is made 

up by immiscible polymers. Compatibilization methods are mainly based on a 

proper control on phase behavior during processing, on functionalization of the 

polymer chains or on modification of the interface between the immiscible and 

incompatible components (Hobbs et al., 1988; Liu et al., 2000; Macosko, 2000; 

Pötschke and Paul, 2003). Compatibilized blends are often labeled as polymer 

alloys, due to some similarity to heterogeneous systems obtained in metal mixtures. 

Interpenetrated polymer networks are considered a subgroup of polymer alloys, 

since an excellent compatibilization is achieved. 

 

The basic thermodynamics that concern polymer solubility and polymer-polymer 

miscibility will be briefly discussed, as well as the typical phase diagrams of 

polymer blends. Definitions for blends and interpenetrating networks will also be 

introduced. 

 

 

2.2 Polymers in solution 

 

2.2.1 Thermodynamics of polymers in solution: polymer-solvent systems 

 

The theoretical basis to understand polymer behavior in solution was developed 

independently by Flory and Huggins around the mid-twentieth century (Flory, 

1942; Huggins, 1942). The Flory-Huggins theory is based on a simplified model 

and some assumptions, but it still remains very useful for the theoretical prediction 

of experimental data. 

The theory leads to a modification of the classical expression of the free energy of 

mixing !!!"#, by taking into account the different properties of a polymer solution 

due to the very large size of polymer solute molecules compared to solvent 

molecules. It also introduces the Flory-Huggins parameter !, which permits a 
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quantitative description of the balance of interactions between solvent and polymer 

segments and to predict if a solvent is either a good or poor solvent for a given 

polymer. 

We recall the well-known thermodynamic expression of the free energy of mixing: 

 

 !!!"# ! !!!"# ! !!!!"# (2.1) 

 

Where the enthalpic and entropic variations of the solution in respect to the pure 

components are expressed by !!!"#  and !!!"# respectively. 

 

 
Fig 2.2: Schematic representation of the lattice model for a binary polymer-solvent system. 

 

For what concerns the entropic term of this expression, the Flory-Huggins theory is 

based on a statistical approach, in which the polymer solution is described as a 

three-dimensional lattice (see Fig. 2.2). The entire volume is divided in N0 cells, 

which can be occupied randomly by solvent molecules or by polymer segments. 

Each polymer segment is assumed to have the same size as a solvent molecule, thus 

they can be considered interchangeable within the lattice positions. Considering a 

monodispersed polymer, the number of segments !, contained in a polymer chain, 
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is given by the ratio between the molar volumes of the polymer, !! , and the 

solvent,!!!: 

 ! ! ! !!!!   (2.2) 

 

The relation between the number of cells N0 and the number of solvent and solute 

molecules, respectively !! and !!, is: 

 

 !! ! !! ! !!! (2.3) 

 

According to Boltzmann, entropy depends on the possible configurations of a 

system: 

 ! ! !!!"!  (2.4) 

 

Where ! is the number of possible arrangements and ! the Boltzmann constant. In 

our special case ! corresponds to the possible configurations that can arise by 

placing randomly polymer chains into the lattice and subsequently filling the voids 

with solvent molecules. 

Statistical computations, that will not be discussed herein (for in-depth study of this 

subject the specific literature is recommended), permit to evaluate ! for a polymer 

solution. In respect to small molecule solutions there are great limitations in the 

number of possible configurations due to the dimensions and the covalent bonds 

between polymer segments. 

The expression of the entropy of mixing obtained through the Flory-Huggins theory 

is: 

 !!!"# ! !!! !!!!"# !!
!!!!"!

! !!!"
!!!

!!!!!!
!  (2.5) 

 

Since ! is related to the molar volumes (see eq. 2.2), the expression can be changed 

on a molar basis (i.e. ! ! ! !!): 
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 !!!"# ! !!! !!!"!! ! !!!"!!  (2.6) 

 

Where !! and !! are the number of moles of each component and !! and !! are 

the volume fractions, respectively, of solvent and polymer, defined in a general 

form as: 

   !! ! ! !!!!
!!!!!

! (2.7) 

 

The expression described in (2.6) is similar to the classical expression of the 

entropy of mixing for small-molecule solvent-solute systems; the great innovation 

introduced by the Flory-Huggins theory is that volume fractions are here considered 

rather than molar fractions. In the case of small molecule solutes, the mole fractions 

and the volume fractions are essentially the same; this makes (2.6) a more general 

expression for the entropy of mixing. 

 

To calculate the free energy of mixing for the solvent-polymer system, also the 

enthalpic term needs to be derived. The energy change related to dissolution can be 

associated to the fact that solvent-solvent and solute-solute interactions are replaced 

by solvent-solute interactions. If we name !!! the energy related to solvent-solvent 

interactions and !!! the energy related to polymer-polymer interactions, the energy 

associated to dissolution, i.e. to formation of a new interaction solvent-polymer 

!!", will be: 

 

 !" ! !!" ! !
! !!! ! !!!  (2.8) 

 

Obviously covalent bonds between chain segments are not included in !!!; only 

interactions between neighboring molecules are here taken into account. 

The total enthalpy of mixing will depend on the number of solvent-polymer 

interactions (i.e. !" contacts). The formation probability of a new solvent-polymer 

contact will depend in our lattice model on the coordination number ! (that is the 
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number of possible adjacent sites to a position in the lattice), and on the contact 

probability with sites occupied by a solvent molecule. Considering that !"! is the 

total number of polymer segments, !"!! is the total number of sites near a polymer 

segment. Since the probability that any of these sites is occupied by a solvent 

molecule, is approximately equal to solvent volume fraction !!, the total number of 

contacts will be: 

  !"!!"! ! !!!"! (2.9) 

 

While the enthalpy of mixing will be equal to energy change multiplied by the 

number of interactions: 

 

  !!!"# ! !!!!"!!!!  (2.10) 

 

The ! parameter is introduced to give a measure of the energetic change, in !" 

units, that occurs when a mole of solvent molecules is removed from pure solvent 

!! ! !  and is immersed in a non infinite amount of polymer !! ! !. It is 

defined as follows: 

 

 ! ! ! !!!!"    (2.11) 

 

This dimensionless parameter is material-specific, and it generally has positive 

values. 

By introducing the ! parameter, the expression of the enthalpy of mixing becomes: 

 

  !!!"# ! !"#!!!!  (2.12) 

 

According to (2.12), if ! is generally positive, the dissolution of a polymer in a 

solvent is generally an endothermic process. 
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By introducing the expressions for !!!"# and !!!"# in (2.1), the free energy of 

mixing for a polymer-solvent system is obtained:  

 

 !!!"# ! !" !!!!! ! !!!"#! ! !!!"#!  (2.13) 

 

It is now clear that the dissolution of a polymer will occur depending on 

concentration and on sign and magnitude of !; ! is inversely related to temperature, 

so increasing ! will thermodynamically favor dissolution. 

The value assumed by the !  parameter is a measure of the polymer-solvent 

interactions, as well as for the polymer-polymer interactions, thus it can predict if a 

solvent is good or poor for a given polymer. In general, the smaller the value of ! 

the greater the rates of free energy decrease during dissolution.  

 i) ! ! !: negative values may indicate strong polar attractions between polymer 

and solvent;  

ii) ! ! !!!: selected solvent acts as a good solvent for the given polymer; 

iii) ! ! !!!: the so-called theta condition; polymer chains act as ideal chains, that 

is, they are not affected by wide range interactions with other polymer chains 

because they are compensated by the effect of the solvent; such a solvent is called 

theta-solvent and the temperature at which this condition is achieved is the theta-

temperature;     

iv) ! ! !!!: selected solvent is a poor solvent and polymer will not dissolve. 

 

 

2.2.2 Thermodynamics of polymers in solution: polymer-polymer systems 

 

After the pioneering work of Flory and Huggins, thermodynamics of polymer-

polymer systems have been extensively discussed by several authors (Olabisi et al., 

1979; Paul and Barlow, 1980; Robeson and Robeson, 2007; Utracki et al., 1987). In 

this contribution we consider only some qualitative aspects, for further in-depth 

study we refer to specific literature. 
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The Flory-Huggins equation for polymer-solvent miscibility can be applied also to 

polymer-polymer systems, but, due to high molecular dimensions of both 

components, some additional limitation must be taken into account. 

By applying the lattice model to a polymer-polymer system, it easy to compute that 

the number of possible arrangements within the lattice is strongly reduced if all 

lattice positions are occupied by long-chain molecules rather than by small 

molecules.  

 
Fig 2.3: Lattice model for a binary polymer-polymer system. 

 

The lower are the possible arrangements the lower will be the favorable 

contribution to free energy of mixing given by the combinatorial entropy. In the 

limit of very high molecular weight polymers, this contribution will be essentially 

zero. 

For what concerns the enthalpic term, since it is related to energy changes 

associated to nearest neighbor contacts, it can be approximately considered 

independent from molecular lengths. 

If a polymer-polymer system is considered, made up by non-polar components, that 

interact only via dispersive or van der Waals bonding between segments, the 

enthalpy of mixing may be estimated through the use of the Hildebrand solubility 

parameters (Hildebrand and Scott, 1950): 
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  !!!"# ! ! !! ! !! !!!!!  (2.14) 

 

Equation (2.14) predicts always a positive value for the enthalpy of mixing, zero at 

the best, if !!  is exactly equal to !! . While for polymer-solvent mixtures the 

solubility parameter difference can be rather large, considering the insignificant 

contribute due to the combinatorial entropy in polymer-polymer systems, match 

needs to be virtually identical. That is, structural similarity between components is 

needed and complete miscibility is expected to be a highly unlikely event. 

The solubility parameter approach gives good predictions for non-polar 

components, but is less suitable for highly polar or hydrogen bonding liquids or 

other specifically interacting molecules. 

In fact, polymer types that are structurally different, but in a way that complement 

each other with regard to favorable energetic interactions, may mix exothermically. 

Thus, to achieve miscibility, a negative heat of mixing must be obtained (i.e. ! !
!). This condition is fulfilled when strong intermolecular interactions exist between 

the components of the blend. 

 

Moderate intermolecular interactions between the components results in limited 

miscibility, depending mainly on temperature and composition. The corresponding 

blend is characterized by a two-phase structure in which form and domain size 

depends on composition and processing conditions. Several combinations of 

partially miscible polymer pairs may display good mechanical, thermal, etc. 

properties, and can thus be useful for several applications. As already mentioned, 

such blends are often termed compatible or polymer alloys. 

 

Partial miscibility can be explained by observing the free energy variation with the 

composition of the mixture (!!= volume fraction of component !) (Fig 2.4). Case 

(C) illustrates that a negative free energy of mixing does not assure complete 

miscibility. The maximum shown in the mid-composition range is responsible of a 
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splitting of a mixture of this composition into two phases, whose compositions will 

be given by the minima. This will result in a miscibility gap and thus, in partial 

miscibility. 

 
Fig 2.4: Free energy of mixing vs. composition of a binary mixture. Components can be (A) 
completely immiscible, (B) completely miscible, or (C) partially miscible (Paul and Barlow, 
1980).  
 

Thermodynamics provide the theoretical basis to predict polymer miscibility, that 

is, negative values for ! and !!!"# must be achieved. However, the experimental 

determination of the parameter ! and of !!!"# is very difficult. Values for ! may 

be obtained through inverse gascromatography, solvent diffusion, and composition 

dependence of mechanical properties or calculation from solubility parameters. For 

liquids !!!"#  is easy determined through calorimetric methods, but its 

determination is more difficult in the case of viscous polymeric mixtures (Robeson, 

2014). 

Even though it is not a true thermodynamic property, glass transition is typically 

observed to investigate polymer miscibility. In amorphous polymer mixtures, 

variations in the glass transition temperature (!!) after blending indicate miscibility 

of the components.  Usually a single temperature, intermediate between the !!s of 

the unmixed components, is observed. In case of partial miscibility or immiscibility, 

two distinct glass transitions will be observed (Fekete et al., 2005). Obviously, this 
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method is adequate for polymer pairs displaying well-separated glass transition 

temperatures. 

If one of the components crystallizes, the observed !! behavior is indicative of the 

state of mixing of the remaining amorphous phase (Paul and Barlow, 1980). 

 

 

2.3 Phase diagrams for polymer blends 

 

Typically, small molecule mixtures undergo phase separation primarily upon 

cooling, displaying an upper critical solution temperature (UCST). One of the most 

interesting aspects of long-chain molecules mixtures is that many miscible systems 

show cloud point upon heating, that is, a lower critical solution temperature (LCST) 

exists. Examples of phase diagrams displaying UCST and LCST are shown in Fig. 

2.5.  

  
Fig 2.5: Upper critical solution temperature (UCST) and lower critical solution temperature 
(LCST)-type phase diagrams (Ruzette and Mayes, 2001). 
 

The LCST behavior is not predicted by the classic Flory-Huggins theory, which is a 

model that does not take into account volume changes during mixing. LCST is 

related to finite volume variations that occur upon heating, introducing a pressure 

dependence of the mixing process; and to the not purely enthalpic nature of !, that 

introduces additional entropic contributions that result in an increased entropy at 

high temperatures in the separated phases rather than in the mixed state (Sanchez 
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and Panayiotou, 1993). This behavior can be predicted theoretically only through 

modification of the original Flory-Huggins model (McMaster, 1973; Prigogine, 

1957). 

 

 

2.4 Phase separation in polymer solutions 

 

Phase separation processes within miscible polymer-polymer or polymer-solvent 

system may occur if they are subject to temperature variation or solvent removal 

(evaporation or non-solvent addition). Two distinct phenomena can be observed: 

solid-liquid demixing and liquid-liquid demixing. Solid-liquid phase transitions 

occur through vitrification or crystallization of one or all the equilibrium liquid 

phases. Figure 2.6 illustrates a schematic equilibrium phase diagram for a solid-

liquid transition in which polymer crystallization occurs. 

 
Fig 2.6: Equilibrium phase diagram for a solid-liquid transition. Different morphologies are 
obtained depending on polymer concentration: single crystals, lamellar stacks, spherulites 
(Van de Witte et al., 1996).  
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While solid-liquid demix generally follows the classic mechanism of nucleation and 

growth, the second phenomena, the liquid-liquid phase transition, is related to the 

thermodynamic stability of the system. Depending on where the phase boundaries 

are crossed, nucleation and growth or spinodal decomposition are observed. Figure 

2.7 shows a typical phase diagram for a binary polymer-solvent system displaying a 

liquid-liquid demixing gap. It is worth to note that the phase diagram for a polymer-

polymer binary system will be actually the same, except for the appearance of the 

demixing gap, which would be typically less asymmetric than in a polymer-solvent 

system. 

Usually, the boundary of the liquid-liquid demixing gap is called the binodal or 

cloud point curve. The demixing gap is, in turn, subdivided into a region of spinodal 

demixing (bounded by the spinodal) and two regions where nucleation and growth 

is the predominant event. The point of coincidence of binodal and spinodal is the 

critical point.  

The region located between the binodal and the spinodal is the metastable region, 

where only nucleation and growth can occur. Nucleation is an activated process 

forming unstable intermediate embryos. Nuclei are formed because of the excess of 

surface energy of these initial fragments of the new and more stable phase, while 

nuclei growth occurs because of the presence of concentration gradients in their 

immediate vicinity (Cahn, 1965).  

The theory of phase separation through spinodal decomposition was described by 

Cahn (Cahn, 1965). This mechanism involves compositions located in the area 

enclosed by the spinodal curve, that is, the unstable region. It is best observed 

through undercooling of compositions that cross the phase boundary directly at the 

critical point. For all the remaining compositions spinodal decomposition may be 

observed for very high cooling rates, which prevent demixing while crossing the 

metastable area. If the fraction of the minor phase is sufficiently high, bicontinuous 

structures are formed. 
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At the later stages of phase separation, coarsening processes can arise to minimize 

interfacial energy and in time eventually two fully separated layers may be 

produced (see Fig 2.7).  

 
Fig 2.7: Phase diagram for a binary system showing a liquid-liquid demixing gap. 
Depending on temperature and concentration, different structures can be produced by the 
phase separation process: nucleation and growth of phase A (black), bicontinuous 
morphology due to spinodal decomposition, or nucleation and growth of phase B (white); 
coarsening may produce two fully separated layers (Van de Witte et al., 1996).  
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In this chapter the two most common theories and models dealing with gel 

formation and the determination of the “gelation threshold” are discussed. First, the 

“classical statistical theory”, proposed by Flory and Stockmeyer in the early 1950s 

is presented, followed by the description of the more recent “percolation model”. 

Moreover, some aspects that are more strictly related to physical gelation are 

considered, with indication of the models considering the specific interactions that 

are involved in this particular gelation process. 

 

   

3.1 Gelation theory and models 

 

The gelation transition has always be intriguing to many workers, however, as 

already mentioned in section 1.4.1, two important milestones were set by the 

development of statistical approaches for the prediction of the gel point. These are 

the “classical statistical theory” postulated by Flory and Stockmeyer (Flory, 1953), 

and the “percolation model” described by Zallen and Stauffer (Stauffer et al., 1982; 

Zallen, 2008).  

In its essential features, the Flory-Sockmeyer model (F-S model) is based on 

multifunctional molecules between which covalent bonds are formed, to yield a 

network structure. In fact, the presence of multifunctional units presents nearly 

always the possibility of formation of infinite networks, whose presence dominates 
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the phenomenon of gelation (Flory, 1953). For simplicity, we consider the case of 

poly-functional condensation in a system made up by identical monomers with 

functionality f=4 (see Fig. 3.1(a), open circles represent monomers, wavy lines 

represent covalent bonds). In the F-S model it is assumed that the formation or not-

formation of the covalent bond between monomers is a random event, which is 

characterized by a probability !. When the probability of formation of covalent 

bonds between monomers is small, the system will consist only in finite polymers 

(monomers, dimers, trimers, oligomers, etc.) and will exist as a sol phase, as 

depicted in Fig. 1.3 (a). However, if ! exceeds a critical threshold value, named !", 
in addition to single molecules there exists also a single molecule, which is infinite 

in spatial extend (“infinite network”). This situation corresponds to gel phase and is 

described in Fig. 3.1(b). The weight fraction of monomers belonging to the gel 

molecule is zero for !#!"! "#$! #%#&'()%! *%)! !$!"+! ,-.#/! "! 0%12.#"3%)."4!
"55)%"06! 36(! 7&8! 1%$(4! $().9($! "#! (:5)(--.%#! *%)! 36(! 1%4(0;4")! <(./63!
$.-3).2;3.%#! "#$! *%)! 36(! 0).3.0"4! 36)(-6%4$! 9"4;(! !"=! "3! <6.06! 36(! 1%4(0;4")!
<(./63!$.9()/(-!>!! ! !, that is the gel point). 

 
Fig. 3.1: Representation of the Flory-Stockmeyer model, where all sites are occupied by 
monomers, below (a) and over the critical threshold where !$!"!"#$!36(!.#*.#.3(!#(3<%)?!
.-! *%)1($! >%@+!  In figure (c) each site can be occupied by either a monomer (circle) or 
solvent molecule (dot). Wavy lines correspond to chemical bonds (Coniglio et al., 1979) 
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The F-S model proved to be extremely versatile in providing qualitative 

understanding of a wide range of processes, however it is based on some 

simplifying assumptions: 

(i) The reactivities of all functional groups of the same type are equal and 

independent of each other;  

(ii) No intramolecular reactions between molecules (loop formation) of the 

same cluster are allowed;  

(iii) Point-like monomers are assumed (no steric hindrance and excluded 

volume effects); 

(iv) Solvent molecules are absent; 

(v) Absence of correlation between molecules. 

Especially assumptions (iv) and (v) might leave out certain features, at least in 

reversible gelation. 

The “percolation model” takes into account both, the presence of solvent and of 

correlations between the molecules of the system and does not imply unlimited 

mobility and accessibility of all groups.  

If we consider an “A site” a solvent molecule (dots in Fig. 1.3(c)) and a “B site” a 

monomer (circles in Fig. 1.3(c)), the particle-particle interactions can be 

approximated to the following four types of nearest-neighbor interactions: 

!"## = solvent-solvent interactions; 

!"#$= solvent-polymer interactions; 

Interaction between monomers can occur in two different ways, van der Waals 

interactions and directional interactions leading to the formation of tie-points (e.g. 

covalent bonds). Thus, the monomer-monomer interactions are: 

!"$$ = monomer-monomer van der Waals interactions, with weight !; 

!% = bonding energy between monomers, with weight 1-!. 

According to this description, the gel phase is defined as the phase where a non-

zero finite fraction of monomers is bonded together via chemical bonds to form a 

macroscopic molecule (Coniglio et al., 1979). 
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In order to calculate the gelation threshold !!, the requirements for considering a 

pair of monomers as bonded must be defined: (i) they must be nearest neighbors 

and (ii) their relative interaction must be –E. The probability p, that a pair of 

neighboring monomers is bonded is given by (Coniglio et al., 1979): 

 

 ! ! ! !!!
!
!"

!
!!!
!" ! !!!

!
!"

  (Eq. 3.1) 

 

It is worth to point out that, for simplicity, previous discussion has been restricted to 

systems made up by monomers and considering covalent bonds are the directional 

interaction established between them. Obviously, the system can be extended to 

systems of polymer chains of M monomers, as shown in the Bethe lattice in Fig. 

3.2. Moreover, as stated by Kawanishi et al., in thermoreversible gel systems, the 

directional interaction leading to network formation might be of different nature 

than covalent bonds (e.g. hydrogen bonds) (Kawanishi et al., 1987). 

 
Fig. 3.2: Polymer chains in a Bethe lattice with coordination number  f=3. Open circles 
represent monomers, dots are solvent molecules, wavy lines are bonds between monomers 
or different chains (Coniglio et al., 1979). 
 

In the system showed in Fig. 3.2, molecules have coordination number f=3, that is, 

the number of interactions per polymer segment and per solvent molecule is equal 

to 3. The gelation threshold !! is given by:  
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   !! ! !!!!
!!! !!!! !!! !!! !  (Eq. 3.2) 

 

Where R is a parameter depending on the coordination number f and the number of 

monomers M; z depends on respective weight of van der Waals or directional 

interactions between monomers (! and 1-!); ! depends on M, f and the probability 

of bond formation between monomers p. For the procedure to get to Eq. 3.2 the 

reader is referred to (Coniglio, 1976). 

 

 
Fig. 3.3: Phase diagrams for different binary polymer-solvent systems for three different 
solvents. Coexistence curves and sol-gel phase boundaries are displayed. Tp is the 
temperature at which the sol-gel boundary crosses the coexistence curve (Coniglio, 1976). 
 

Fig. 3.3 shows three typical schematic representations of the sol-gel phase 

boundary, together with the coexistence curve (binodal), for the binary monomer-

solvent system, for three different solvents. The gelation curve is continued (dotted 

line) also within the two-phase region. Solvent parameters for the different systems 

have been chosen so that the consolute temperature (!") is in the sol region (Fig. 3.3 

(a)), on the gelation curve (Fig. 3.3 (b)) or in the gel region (Fig. 3.3 (b)).  

Some interesting features might be highlighted: 

(i) There exists a limiting temperature, Tmax, where no gelation occurs, no 

matter how high the monomer density is. This phenomenon is in 

accordance with temperature dependence of the formation probability 

of bonds between monomers (see Eq. 3.1), therefore ! !!"# ! !!. 
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(ii) For all solvents there is a temperature Tp, below the consolute 

temperature Tc, at which the gelation curve crosses the coexistence 

curve: for T< Tp there is coexistence between gel and sol phase, for Tp< 

T < Tc there are two possible gel phases. 

 

3.2 Interactions in thermoreversible gelation 

 

Previous section described the two main theories for the prediction of the gel point, 

based on statistical-mechanical considerations, which are relevant to both chemical 

and physical gelation processes. However, since the blended PVA-based systems 

presented in this dissertation pertain to thermoreversible systems, we will provide 

some considerations especially dedicated to physical gelation. 

The large variety of systems displaying physical gelation, each with its own 

characteristics, has prevented unified answers to why a physical gel forms at all and 

to the nature of the junctions. 

In thermoreversible gelation the sol-gel transition typically occurs by cooling a 

polymer solution, resulting in loss of its fluidity, which can be completely 

recovered upon heating. To do some examples with familiar polymers, this type of 

sol-gel transition is observed for poly(vinyl alcohol) in water, gelatin in water, 

poly(vinyl chloride) in dibutyl phthalate. 

Basically, this behavior has been described according to three different models for 

the formation of tie-points within the network.  

(i) The classical model by Eldridge and Ferry (Eldridge and Ferry, 1954) 

considers them to be a hydrogen-bond type association (HBA). In 

studying the melting points of gelatin solutions, Eldrige and Ferry 

reported the dependence of sol-gel transitions from polymer 

concentration and derived a relation which gives an estimate of the heat 

of gelation:   

   

 !" ! ! !!! !!!"#!!"#  (Eq. 3.3) 
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where ! is the polymer concentration, !!! the enthalpy of formation 

of one mole crosslinks and !!"#!!"# the transition temperature. 

(ii) The second models considers tie-points as made up by crystallite 

formation (PC); this model is supported by extensive discussion on gel 

melting behavior in terms of thermodynamics of melting point 

depression (Matsuzawa et al., 1979; Ogasawara et al., 1976; Takahashi 

et al., 1980) and on crystallographic studies on the crystallites 

(Guerrero et al., 1981a, 1981b). 

(iii) The third model considers liquid-liquid phase separation (LL), that is, 

the formation of a polymer-rich and a polymer-poor region, as the 

driving phenomena leading to gelation. The LL model was first 

proposed by Labuzinska et al. and Paul (!abudzi"ska and Ziabicki, 

1971; Paul, 1967), later Prins et al. (Feke and Prins, 1974; Pines and 

Prins, 1973) made the model clearer by applying the concept of 

spinodal decomposition to gelation. In this case, the network structure 

is interpreted in terms of connectivity of the polymer-rich phase and 

gelation is considered a nucleation-free process. 

The phase diagram of a polymer solution will be discussed more in detail in section 

5.2, where the phase transitions occurring in a poly(vinyl alcohol)/water solution 

will be described. It will be highlighted that, as stated by Kawanishi et al., gelation 

is a very complex event, where the superposition of all three described processes 

may occur (Kawanishi et al., 1987). 
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Polymers physical properties are not only affected by their composition, but also by 

the size of their molecules and by the nature of the primary and secondary bond 

forces existing between them. Arrangements of the macromolecules into amorphous 

or crystalline domains have a great influence on physical properties like melting or 

softening behavior, solubility and viscosity. 

This chapter addresses the topic of polymer crystallization by introducing the 

structure and morphology of semi-crystalline polymers. A brief overview of the 

different crystallization models developed during the last century and the structural 

characteristics that rule the crystallization process will be exposed. The 

thermodynamics and kinetics governing the crystallization process will not be 

elucidated, for which the reader is reminded to specific literature (Flory, 1949; 

Mandelkern, 2004).  

 

 

4.1 Amorphous and crystalline regions in polymers 

 

When considering long-chain molecules, the traditional classification into three 

physical states (gas, liquid, solid) does not match sufficiently the arrangements that 

may occur within a polymer by varying the thermodynamic variables. While phase 

transitions in small molecule compounds are sharp and associated with a 

thermodynamic equilibrium, the polymers typical states are the glassy, the rubbery 

and the semi-crystalline state, all of them being thermodynamically metastable 

(Krevelen and Nijenhuis, 2009; Mark, 2004).  
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In the crystallization process of small molecule compounds, nucleation and growth 

arises at temperatures in the metastable region, when stable nuclei are formed 

providing growth surface for crystallization. For the considered small molecule 

systems, each molecule participates only in one nucleus at a time, since its 

characteristic size is much smaller than that of a crystal nucleus. In the case of long-

chain molecules, one single molecule may be able to participate in more than one of 

the initial nuclei, preventing the formation of a perfectly ordered structure (see Fig. 

4.1). 

For this reason, in the solid state most polymers consist in a combination of 

unordered (amorphous) and ordered regions (crystalline), which is the reason they 

are often termed as semi-crystalline materials. 

 
Fig. 4.1 Influence of chain connectivity on nucleation for small-molecule (a) and a long-
chain molecule (b) compounds (Rice, 2004). 
 

As reported by Carraher (Carraher, 2003), first evidence of the crystalline nature of 

polymers emerged in the early 1920s when Haworth and Katz observed X-ray 

diffraction patterns similar to those of crystalline substances respectively on 

elongated cellulose and stretched natural rubber.  

The crystallization mechanisms, the exact nature and the resulting morphologies of 

the crystalline regions have been since then extensively debated and, thus, different 

models have been proposed during the last decades. 
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The presence of regions of crystallinity was first explained by the fringed micelle 

model introduced by Herman et al. in 1930 to explain the structure of gelatin 

(Herman et al., 1930). In the fringed micelle model, crystalline regions are formed 

thanks to the alignment of the macromolecular chains (either in solution or in the 

melt) to form small ordered regions (crystallites). The crystallites growth may occur 

or in the direction of the chain axis, by adjoining chain segments of molecules 

already part of the crystallite, or through lateral growth, by addition of further 

molecules. Only portions of each molecule participate in a crystallite: the same 

polymer chain participates to neighboring amorphous regions or to other 

crystallites. The respective arrangement of the crystallites is random-like, while the 

“fringes”, connecting them through the disordered region, make them act as 

physical cross-links (see Fig. 4.2). 

The fringed micelle model has been historically very important since it permitted to 

explain a great number of experimental findings and of polymers physical 

properties. However, the actual structures of the amorphous and crystalline regions 

of polymers are complex, and the fringed micelle model proved to be an 

oversimplification.  

 

 
Fig. 4.2: representation of the fringed micelle model (Dargazany et al., 2014). 

 

The discovery of polymer single crystals and the existence of supramolcular 

structures (spherulites) were the triggering events leading to re-examination and 

improvement of the fringed micelle model. 
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Due to the difficult complete crystallization caused by the long-chain character of 

macromolecules, single crystals of polymeric substances are seldom observed and 

hard to obtain. Sauter has first reported polyoxymethylene single crystal growth 

during polymerization (Sauter, 1932), but only during the 1950s, after crystal 

growth was observed from solution by cooling (Fischer, 1957; Keller, 1957; Till, 

1957), the existence of polymer single crystals was generally recognized. Since 

these studies, the lamellar crystal habit has been shown to be the more frequent for 

most polymers, leading to various lamellar models (examples shown in Fig. 4.3) 

that will not be discussed here in detail.  

The main innovation introduced by the lamellar models is the recognition of the 

fibrous-lamellar nature of the polymer crystallites (Hearle, 1963) and the statement 

that chains are aligned along the shortest extension of the lamellae. The polymer 

chains fold back and forth along layers, and the lamellar thickness is determinate by 

the length of the folds (Keller, 1959, 1957).  

 

 
Fig. 4.3: schematic view of a lamella in the (a) adjacent re-entry and (b) switchboard models 
(Dargazany et al., 2014). 
 

The second reason for the inaccuracy of the fringed micelle model, was the 

evidence of large crystalline superstructures characterized by spherical symmetry 

(Geil, 1963). These spherical aggregates, called spherulites, can be recognized by 

their typical appearance when observed in polarized microscope between crossed 

polarizers (see Fig. 4.4), showing a characteristic Maltese cross.   

$%&! $'&!
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Fig. 4.4: Spherulites observed in a polarizing microscope micrograph under crossed 

polarizers (200x) (Keller, 1992). 

 

These kinds of structures are the product of the crystalline fibrils aggregation, 

growing radially from a primary nucleus at the center (Hill, 1953), as shown in Fig. 

4.5. Spherulitic growth and spherulites morphology has been extensively studied 

(Hill, 1953; Keller, 1959): since it was observed in a great variety of crystallizable 

polymers, spherulitic structure is considered to be the universal mode of 

crystallization. However, more recent studies (Mandelkern et al., 1981; Maxfield 

and Mandelkern, 1977) have shown that spherulitic structures are not always found, 

and that different supramolecular structures exist. The forming supramolecular 

structure depends on molecular weight, crystallization conditions and structural 

regularity of the molecule. 

 
Fig. 4.5: Schematic representation of a spherulite (“Spherulite (polymer physics),” 2014). 
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4.2 Crystallization from solution, from the melt and through orientation 

 

Different structures arise if polymer crystallization occurs from a dilute solution, a 

concentrated solution, the melt, or under an applied stress.   

Generally, linear polymers form a variety of single crystals when they are 

crystallized from very dilute solutions upon cooling. For an increased polymer 

concentration a precipitate of lammellar aggregates will be observed, while further 

concentration leads up to more complex structures (twins, spirals, dendritic 

multilayer structures, etc.). At the highest concentrations, or when polymers 

crystallize from the melt, spherulites are the most common structure (Carraher, 

2003; Keller, 1992) (see Chapter 2, Fig. 2.6).  

If the formed crystallites are subject to an applied stress, orientation of the lamellae 

may result in the so-called shish-kebab arrangement. The shish-kebab structures 

often organize into larger ones giving rise to bundles of filaments forming fibrils 

(Carraher, 2003). 

 

 

4.3 Structural characteristics governing crystallization 

 

Not all polymers are capable of crystallizing: Bunn reports in 1954 the molecular 

characteristics that determine weather a long-chain molecule will be able to 

crystallize (Bunn, 1954). 

The most important criterion for polymer crystallizability is structural regularity of 

the molecule, that is, a regular chemical and sterochemical structure and the absence 

of geometrical isomers. Other important variables are chain length and 

polydispersity. 

Typically, crystallizable polymers consist in homopolymers obtained through 

condensation polymerization (as polyesters and polyamides), or addition-type 

polymers with identical substituents on a given chain. 
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However, absolute regularity is not essential, a certain amount of chain irregularity 

can be tolerated, poly(vinyl chloride), poly(acylonnitrile) and poly(vinyl alcohol) 

are some examples of partially crystalline polymers despite the possible occurrence 

of stereochemical irregularity (Bunn, 1948; Mandelkern, 1956). The requirement in 

the case of geometrically irregular homopolymers and of crystallizable copolymers 

is that the different units must not be too different in size and shape (Bunn, 1954), 

so that an approximation to regularity is achieved. 

Polymers with highly regular molecules that are non-capable to crystallize are very 

uncommon, if crystallization is not achieved, the substance may be difficult to 

crystallize and the right conditions may not have been found.  

 

 

4.4 Crystalline-amorphous combinations  

 

Ordered polymers are seldom 100% crystalline, exception made for polymer single 

crystals, but consist of a combination of crystalline and amorphous regions. Also 

within the ordered regions, e.g. in a spherulite, amorphous regions persist, due to 

amorphous chain segments getting trapped within the forming crystalline platelets 

(Carraher, 2003). The same molecule may have segments being part of a crystallite 

and segments passing through the amorphous regions: these chains act as tie 

molecules, providing inter-crystalline links that are responsible for the characteristic 

good toughness found in semi-crystalline polymers (Carraher, 2003). The 

crystalline platelets are thus responsible for polymers strength, but also for its 

brittleness. 

Though, the characteristic crystalline-amorphous combination in semi-crystalline 

polymers is very important, because it permits to obtain materials that have both, 

good strength (thanks to crystalline regions) and flexibility or “softness” (derived 

from the amorphous regions). 
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4.5 Degree of crystallinity 

 

As highlighted in section 4.4, the degree of crystallinity, that is, the fractional 

amount of crystallinity in the polymer sample (Allegra et al., 1989) has a direct 

relationship with the materials mechanical behavior. Also a large number of other 

properties, i.e. density, enthalpy of fusion, infrared absorption, wide- and small-

angle x-ray scattering intensity, depend primarily on this parameter. 

Several experimental techniques permit to determine the degree of crystallinity; the 

most commonly used are (i) density measurements, (ii) calorimetric methods, (iii) 

spectroscopic methods and (iv) X-ray analysis. 

It is worth to note, that even the degree of crystallinity is demonstrated to be a 

quantitave concept, some disagreement among the results obtained by the different 

techniques is frequently observed, specially at low degrees of crystallinity 

(Mandelkern, 1956).  

Methods used for determination of this parameter by means of the different 

techniques will be discussed more in detail in the experimental section (see chapter 

7). 
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This chapter will introduce the properties of poly(vinyl alcohol) and some of the 

known methods to obtain its hydrogels. The mechanisms involved in sol-gel 

transitions and models for the resulting structures will also be presented. Swelling 

behavior of hydrogels containing crystallites and the polymers characteristics that 

affect crystallizability are briefly discussed and, finally, some of the most studied 

blended poly(vinyl alcohol) hydrogels are presented, with special attention to 

blends with poly(vinyl pyrrolidone) and poly(ethylene glycol). 

 

5.1 Poly(vinyl alcohol) and its hydrogels  

 

Poly(vinyl alcohol) (PVA) is a polymer of large interest, that has been used in a 

variety of fields because of its desirable characteristics for many different 

applications and its ease of processing. Thanks to its elastic and adhesive properties 

and its chemical stability it is widely used in the textile and paper industry (Kleber 

and Stuhler, 1983) and as an additive to enhance cement and mortar properties 

(Kim et al., 1999). Furthermore, low toxicity and high biocompatibility of PVA 

make it suitable for the synthesis of biomaterials for pharmaceutical and biomedical 

use: PVA based hydrogels are largely used as drug delivery systems and in tissue 

engineering (Hoffman, 2002). 

As recalled in Chapter 1, peelable PVA/Borate hydrogels are also used for the 

cleaning of cultural heritage artifacts (Natali et al., 2011) (Carretti et al., 2010) 

(Carretti et al., 2009). 
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5.1.1 Structure and properties of PVA   

  

PVA is a vinyl polymer with a structure characterized by pendant hydroxyl groups 

(Fig. 5.1). Unlike other vinyl polymers it is not synthetized through polymerization 

of his monomer: vinyl alcohol does not exist because it rearranges to its stable 

tautomer, acetaldehyde. PVA is therefore produced through hydrolysis of 

poly(vinyl acetate) (PVAc), obtained by polymerization of vinyl acetate. 

 

 
Fig. 5.1: chemical structure of poly(vinyl alcohol) 

 

Since the hydrolysis reaction is not complete, PVA is in fact always a copolymer of 

PVA and PVAc. The hydrolysis degree (HD), or acetate groups content in the 

polymer, is one of the most important parameters, having a great influence on its 

chemical properties, in particular on solubility and crystallizability. 

 

 
Fig. 5.2: Influence of hydrolysis degree on solubility of PVA at different temperatures 
(Hassan and Peppas, 2000). 
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Considering PVA samples with the same average molecular weight, it is shown that 

solubility in water increases for PVA with low degrees of hydrolysis (Fig. 5.2). The 

higher amount of residual acetate groups weakens inter- and intramolecular 

hydrogen bonding, favoring the dissolution process. Solubility is also function of 

temperature, so PVA with high hydrolysis degrees may be soluble by rising it over 

90°C. 

As in most polymers, molecular weight and molecular weight distribution strongly 

affect chemical properties. Commercial grades of PVA are generally available from 

80% to full hydrolyzed (99+%), average molecular weights range from Mw! 5000 

to Mw! 200,000, and polydispersity index of 2-2.5 are common. 

PVA is a semi-crystalline polymer and its crystalline melting range is reported to be 

between 220°-240°C. As received, PVA is usually about 20-30% crystalline, but 

through annealing above its Tg crystallinity can reach up to 70% (Peppas, 1987). 

For dry PVA films Tg is reported to be 85°C, but a considerable decrease of glass 

transition temperature has been detected in the presence of water (Peppas and 

Merrill, 1976). 

 

 

5.1.2 Synthesis of PVA based hydrogels 

 

As already mentioned in Chapter 1, to form a gel a network is needed, hence, to 

obtain a hydrogel, PVA must be crosslinked. Synthesis methods to obtain hydrogels 

from PVA include both, chemical and physical crosslinking.  

Chemically crosslinked PVA networks can be obtained through the use of 

difunctional crosslinking agents such as glutaraldehyde, acetaldehyde, 

fromaldehyde etc. In acid environment (e.g. sulfuric acid, acetic acid) or methanol, 

acetal bridges are formed between hydroxyl groups, resulting in a tridimensional 

network.  

For applications in the biomedical field, undesirable toxic residues of crosslinking 

agents must be avoided. Thus, other chemical crosslinking methods, such as 
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electron beam or !-irradiation of concentrated PVA solutions, were early developed 

(Danno, 1958; Peppas and Merrill, 1976).  

The properties of partially crystalline PVA hydrogels, first chemically crosslinked 

through electron beam irradiation and afterwards subject to a process of dehydration 

and annealing, were firstly examined by Peppas and Merrill (Peppas and Merrill, 

1977). In addition to the chemical crosslinks produced through irradiation of the 

aqueous PVA solution, the resulting materials contained also crystallites. These 

additional crosslinks, produced by the heat treatment, permit to enhance the 

hydrogels mechanical properties by redistributing external stresses along the 

crystallites (Peppas and Merrill, 1977).  

Peppas investigated through a profuse work started in the early seventies, a second 

mechanism of PVA hydrogel formation that involves the sole physical crosslinking 

due to crystallites formation (Peppas, 1975). He reports the unusual characteristic of 

PVA to form crystallites upon repeated cycles of freezing and thawing. The 

resulting hydrogels exhibit higher mechanical strength than hydrogels obtained 

through conventional crosslinking methods, a high degree of swelling in water and 

a rubbery and elastic nature. Because of their physical properties, the biomedical 

appears to be the main field of interest: these new materials exhibit low toxicity, 

they contain no impurities and their water content matches that of tissue. 

Further investigated methods to introduce physical crosslinks through crystallites 

formation in PVA hydrogels are crystallization through aging (Sone et al., 1953) 

and by means of slow-drying rate dehydration in isothermal conditions after 

chemical crosslinking with electron beam irradiation (Peppas, 1976).   

More recently, a method to obtain physically crosslinked PVA hydrogels, without 

addition of further chemicals or irradiation is reported (Otsuka and Suzuki, 2009; 

Peppas and Tennenhouse, 2004). In these studies, PVA-water solutions are casted 

and dried at room temperature: after dehydration gels swell, but do not solubilize in 

water at room temperature.  

The following section focuses on the general behavior of PVA/water systems 

during sol-gel transitions, with a more deep insight on the mechanisms involved in 
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gel formation when the systems are subject to repeated freezing and thawing cycles 

(freeze-thawing method) or to simple slow dehydration (cast-drying method). 

 

 

5.2 Sol-gel transitions in PVA-water systems 

 

As described in Chapter 3, sol-gel transitions may occur according to different 

mechanisms most of them being related to liquid-liquid phase separation, polymer 

crystallization, or strong association of the polymer chains.  

PVA-water systems are known to form thermoreversible gels, that is, fluidity of the 

solution is lost during cooling and recovered upon heating. Kawanishi et al. discuss 

possible gelation mechanism and their relation to the nature of network tie-points 

that form during gelation, through the analysis of phase diagrams obtained from 

light scattering experiments on PVA-water systems (Kawanishi et al., 1987).  

 

 
Fig. 5.3: Phase diagram for a PVA (Mn=500)/water system. Sol-gel transition (continuous 
line), spinodal (dashed line) and gel-melting curves (dotted line) are shown (Kawanishi et 
al., 1987). It is worth to remark that phase diagram regions strongly depend on polymer 
molecular weight. 
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PVA/water systems display an upper critical solution temperature (UCST) and, 

within the phase diagram, four different regions are identified (see Fig. 5.3):  

i) The solution is a sol; 

ii) Phase separation trough liquid-liquid demix occurs, but no gel is 

formed; 

iii) Both, gelation and liquid-liquid demix occur, 

iv) Gelation takes place without liquid-liquid demix. 

Moreover, in regions (iii) and (iv), broad X-ray diffraction peaks are observed after 

a gelation time of at least 20 hours, indicating that liquid-solid phase separation 

takes place in the late stages of gelation. 

Basing on these observations, Kawanishi states that in PVA/water systems, liquid-

liquid demix is weather a necessary, nor a sufficient condition to achieve sol-gel 

transition. Gelation appears to be very complex, manly due to partial or total 

sequential superposition of three fundamental events: H-bonding type association, 

crystallite formation (solid-liquid demix) and liquid-liquid phase separation. 

According to the different regions identified in the phase diagram, different gelation 

processes are proposed.  

 

 
Fig. 5.4: schematic representation of (a) a network formed by hydrogen bonding, (b) a 
solvent swelled network formed by crystallites and (c) a network formed through liquid-
liquid demixing (Kawanishi et al., 1987). 
 

In region (iv), gelification in the early stages occurs through hydrogen-bonding type 

association (Fig. 5.4a), later chains organize into crystallites, forming a solvent 
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swollen network (see Fig. 5.4b). 

In region (iii), where liquid-liquid demixing is observed, an interconnected structure 

of polymer-rich and polymer-poor regions is formed (as in Fig. 5.4c). Demixing is a 

fast process, followed by gelation within the polymer-rich regions during the 

ensuing stages. Gelation then probably occurs according to the same mechanism as 

in region (iv), i.e. first through hydrogen bonding, followed by crystallites 

formation. 

In region (ii), although liquid-liquid demix occurs, the failing in gel formation is 

due to interruption of interconnectivity of the polymer-rich phase, resulting in 

isolated polymer-rich droplets. On the other hand, in region (i) gel formation does 

not occur because the probability of hydrogen-bond association is too low to form 

an infinite network. Even possible crystallites forming in the very late stages may 

be isolated and, thus, cannot act as tie-points of the network. 

The described process explains the behavior of a simple PVA solution standing at 

room temperature, consisting in the most conventional method to obtain a 

thermoreversible, physically cross-linked PVA hydrogel. However, as already 

mentioned in the previous sections, PVA/water solutions are able to form hydrogels 

also upon repeated freezing and thawing cycles. In respect to the former hydrogels, 

PVA hydrogels produced through repeated freezing and thawing cycles display a 

dramatic decrease in tackiness, an increase in water-resistance and an elastic 

modulus orders of magnitude larger (Peppas and Stauffer, 1991; Yokoyama et al., 

1986).  It seems that PVA is a unique polymer showing rubber-elasticity after its 

hydrogel is prepared through freezing (Yokoyama et al., 1986). 

Peppas and Yokoyama propose the first gelation models for these systems, 

postulating a micro-phase separate structure formed during freezing, with 

segregation into a polymer-rich and a polymer-poor phase, in which freezing occurs 

in the polymer-poor phase (i.e. the ice crystal phase). The repeated crystallization of 

the polymer-poor phase consists in a refinement process for the ice crystals: 

whenever the system is frozen, polymer chains are rejected as an impurity. This 

process implies that by increasing the freezing cycle number, the PVA 
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concentration in the polymer-rich phase will be increased, while PVA concentration 

in the polymer-poor phase will be decreased. As the water freezes, molecular 

motion of PVA segments ceases, growing ice crystals force polymer chains to 

approach and hydrogen bonds between PVA hydroxyl groups are formed (see Fig. 

5.5a and 5.5b). During the first cycle only a loose crosslinking network is formed 

and porosity is almost absent. The more the polymer-poor phase approaches pure 

water thanks to repeated segregation; the more evident becomes the porous 

structure of the gel (see Fig. 5.5c). This process is confirmed by SEM micrographs 

obtained by Hatekayama, revealing hydrogels with clearer and thicker cell walls 

with increasing freezing cycles (Hatakeyema et al., 2005).  

 

 
Fig. 5.5: Schematic representation of gel formation through freezing and thawing 
(Hatakeyema et al., 2005). 
 

Crystallites, acting as junction points of the network, are formed within the 

polymer-rich segregated phase, contributing to strong enhancement of gelation.  

The presence of crystallites is confirmed by X-ray imges (Yokoyama et al., 1986), 

while the positive dependence of the dynamic modulus E’ (Watase et al., 1983), is 

considered to reflect a rubber-like structure in which flexible amorphous chains are 

physically cross-linked by the rigid crystallites. 

The number of freezing and thawing cycles has great influence on crystallinity of 

PVA hydrogels. X-ray diffraction data obtained by Ricciardi et al. confirm that 
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crystallinity degree is increased by increasing freezing cycles, mainly due to 

increase of the crystallites size, although formation of new crystalline aggregates 

can not be excluded (Ricciardi et al., 2004). 

 
Fig 5.6: Structural model for a PVA-hydrogel obtained through repeated freezing and 
thawing. Solid circles represent PVA crystallites (Yokoyama et al., 1986). 
 

The combination of these observation leads to the structural model shown in Fig. 

5.6 where the hydrogel is composed of three phases: a water phase (or phase with a 

very low polymer concentration) corresponding to the ice crystal phase in the 

frozen gel, an amorphous phase in which every chain is associated with water, and a 

PVA crystal phase, that restrains mobility of the amorphous chains. 

 

Crystallites formation is involved also in case of PVA hydrogels obtained through 

slow dehydration. Gelation and crystallization processes of PVA-water systems 

subject to controlled evaporation of the solvent were studied by Peppas and by 

Packter and Nerukar (Packter and Nerurkar, 1968; Peppas, 1976). Their results 

suggest that gelation occurs thanks to increase in polymer concentration during 

water evaporation. In the concentrated polymer solution, the strong inter-chain 

interactions lead to formation of three-dimensional networks (gelation), where the 

junction points may act as nuclei for eventual crystallization. After sol-gel 

transition, further increase of polymer concentration due to evaporation of the 

solvent leads to gel-glass transition of the system. Investigations on the 
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crystallization rates performed by Packter and Nerukar show that crystallization 

occurs within the range delimited by the gel-transition temperature !!"# and the 

glass transition temperature !!"#$$ . !!"#  and !!"#$$ for different polymer weight 

fractions are presented in Fig. 5.7. At any temperature of evaporation, significant 

nucleation occurs when polymer weight fraction !!!reaches the sol-gel transition 

gap, while simultaneous nucleation and growth occurs until the composition for gel-

glass transition is reached.  

 
Fig. 5.7: Sol-gel and gel-glass transition temperatures for different PVA weight fractions in 
water (Packter and Nerurkar, 1968). 
 

The rate of crystallization is initially low, rapid crystallization occurs well beyond 

the sol-gel transition composition, usually at !! ! !!!, when the surface area of the 

crystalline regions is sufficiently high to promote crystal growth. When the glass-

transition composition is reached, polymer chain mobility is strongly reduced and, 

thus, the crystallization rate becomes very low. 

Despite the high degrees of crystallinity detected for the systems studied by Packter 

and Nerukar, microscopic examination did not permit to resolve crystalline regions 

suggesting a very small average crystallite size (below 0,1 µm) and a very large 

number of nuclei. 
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5.3  Characteristics that affect PVA crystallization ability 

 

It is important to not confuse the gel formation process with crystallization. 

Polymer crystals may be formed although no gel is formed, and amorphous gels can 

be obtained.  

As other crystallizable polymers, PVA can crystallize as single crystals or as 

lamellar or spherulitic aggregates. Single PVA crystals were first obtained by 

Tsuboi through isothermal crystallization from solution (Tsuboi and Mochizuki, 

1963). Resulting crystals belong to the monoclinic system and the unit cell consists 

of two monomeric units. Lamellar thickness was estimated around 100-150 Å. 

Packter and Nerurkar observed spherulitic crystal growth starting from concentrated 

PVA solutions in polyols (Packter and Nerurkar, 1969), while amorphous PVA 

films were obtained trough freeze-drying of isotactic PVA (Iohara et al., 1968).  

In fact, tacticity has great influence on crystallizability of PVA. Fuji extensively 

studied crystallizability of PVA in relation to its stereoregularity (Fujii, 1971), 

finding that it is the sole polymer in which the atactic form is readily crystallizable. 

Furthermore, increasing stereoregularity decreases crystallizability, being the atactic 

form the more and the isotactic the less crystallizable form. 

As stated by Bunn (Bunn, 1948) in discussing the crystalline structure of PVA, 

lateral hydroxyl groups on polymer chains represent no steric hindrance, since they 

are small enough to be interchangeable with hydrogen atoms within the crystalline 

lattice. However, the isotactic structure promotes intermolecular hydrogen bonding 

while the atactic form promotes intramolecular hydrogen bonding and, thus, favors 

crystalline orientation of the chains.   

Another characteristic affecting PVA crystallizability is the hydrolysis degree. The 

presence of residual acetate groups weakens intra- and intermolecular hydrogen 

bonding, resulting in more difficult crystallization (Hassan and Peppas, 2000). 

Furthermore, usually a minimum chain length is necessary for PVA to crystallize, it 

has been reported that crystallites size increases as molecular weight increases 

(Mandelkern, 1967). 
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5.4  Swelling behavior 

 

Once crystallites are formed, the polymer is able to swell in an appropriate liquid 

(e.g. water) without undergo solubilization. A generally accepted hypothesis, 

proved also by experimental data (Peppas, 1977), is that only the amorphous 

regions interact and are penetrated by the liquid molecules. The crystalline regions 

are able to act as cross-links, basically because they remain unaffected by the liquid. 

Swelling process consists mainly in the expansion of chain molecules of the non-

crystalline region, due to interaction with the swelling agent, leading to volume 

increase of the polymer as a whole. During swelling, the force resisting to the 

expansion of the chains increases until swelling equilibrium is reached (Peppas, 

1987). Considerable amounts of the amorphous regions may dissolve during 

swelling, but it has been proved that crystallinity is not changed (Sakurada et al., 

1955). However, the presence of water in swelled hydrogels prevents further 

crystallization of PVA (Auriemma et al., 2008). 

 

 

5.5  Blended PVA hydrogels 

 

There is a considerable amount of research involved in the investigation PVA 

blended hydrogels. Some of the most studied hydrogels based on PVA polymer 

blends will be recalled, with special attention to the properties of PVA hydrogels 

obtained through blending with poly(vinyl pyrrolidone) (PVP) or poly(ethylene 

glycol) (PEG), since they are the topic of the present work. This section claims not 

to be complete; the aim is to illustrate how the addition of other polymers into PVA 

hydrogel structure permits to enhance specific characteristics to create materials 

with the desired properties; thus, some examples are presented.  

 

Since pure PVA hydrogels are insensitive to pH changes, poly(acrylic acid) (PAA) 

is used to attain environmental-responsive PVA/PAA composite membranes with 
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increased permeselectivity for biochemical and biomedical separation. PVA/PAA 

composites can be prepared via conventional or freezing and thawing techniques. 

Gudeman and Peppas obtained PVA/PAA interpenetrating networks (IPNs), using 

glutaraldehyde as a cross-linking agent, and studied the gel response to changes in 

the pH and ionic strength of the swelling medium (Gudeman and Peppas, 1995a, 

1995b). 

In order to avoid potentially toxic residues (initiators, cross-linking agents, etc.), 

freeze-thawing technique is used for the preparation of physically cross-linked 

composite PVA/PAA membranes; since they exhibit size exclusion properties, 

Hickey and Peppas analyze solute transport within the membranes (Hickey and 

Peppas, 1997). 

Biodegradable materials are obtained by blending PVA with biopolymers such as 

cellulose or its derivatives and proteins.  

Membranes with improved strength and permeability, and with increased 

antibacterial activity, were obtained through blending chitosan and PVA. Blends are 

obtained using formaldehyde as a cross-linking agent (Yang et al., 2004), or 

through simple air drying of the solution (Chandy and Sharma, 1992). Physically 

and chemically cross-linked PVA/cellulose hydrogels with enhanced mechanical 

properties and high water uptakes were also prepared and characterized (Chang et 

al., 2008).  

Blended hydrogels that could be used as a material for artificial skin were prepared 

by esterification of PVA with gelatin (Pawde and Deshmukh, 2008). 

 

Studies on properties of PVA/PVP blended hydrogels report the preparation of 

physically cross-linked (by freeze-thawing or casting method) (Bernal et al., 2011; 

Cassu and Felisberti, 1997; Ma et al., 2009; Seabra and de Oliveira, 2004) or 

chemically cross-linked PVA/PVP polymer blends (Nishio et al., 1990). Blending 

PVA and PVP mainly affects mechanical properties and water content of the 

resulting hydrogels. 

 Experimental results show an increase in tensile strength for small amounts of 
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added PVP (1-5%), while high PVP contents result in hydrogels that are less 

resistant to elongation in respect to pure PVA films (Ma et al., 2009; Seabra and de 

Oliveira, 2004). PVP usually permits to increase equilibrium swelling and 

equilibrium water-content (Bernal et al., 2011; Ma et al., 2009). In respect to high 

molecular PVP, low molecular weight PVP promotes crystallization of PVA (Cassu 

and Felisberti, 1997). 

Reported studies on miscibility between the two polymers show that blends display 

only one !! and, thus, the systems proves to be miscible (Cassu and Felisberti, 

1997; Seabra and de Oliveira, 2004). Variations on !! are dependent on blends 

compositions and intimate intermolecular interactions between components are 

suggested by the systematic melting-point depression of PVA (Nishio et al., 1990). 

 

Peppas and Tennenhouse, prepared PVA/PEG blended films through annealing of 

amorphous mixtures of the two polymers at temperatures higher than !!, to permit 

crystallization of the macromolecules (Peppas and Tennenhouse, 2004). Resulting 

films were opaque, and DSC studies show that co-crystallization of the polymers 

occurred. Studies on long-term stability of the films confirm that co-crystallization 

of PEG stabilizes the polymer network. 

Inamura et al. studied extensively the miscibility of ternary PVA-PEG-water 

systems, finding that miscibility is correlated to PEG molecular weight and that 

water is a better solvent for PEG than for PVA at polymer concentration where 

phase separation occurs (Inamura, 1986; Inamura et al., 1997, 1984). 
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The present chapter illustrates the preparation procedures and the materials used for 

the synthesis of the characterized hydrogel systems. 

 
6.1  Hydrogel preparation 
 

Hydrogel formulations were synthesized according to two different methods: cast-

drying (cast-drying method) and repeated freezing and thawing cycles (freeze-

thawing method). Different hydrogel formulations were prepared to understand the 

role of different components in final properties. Hydrogels were obtained starting 

from pure PVA-water solutions, but also through blended systems obtained by 

addiction of poly(vinylpyrrolidone) (PVP) and poly(ethylene glycol) (PEG) to the 

solutions. Blended components were added to investigate their influence on 

mechanical properties such as softness and adhesion, but also to tune hydrogels 

hydrophylicity.  

 

 

6.1.1 Method 
 

Both synthesis methods (cast-drying and freeze-thawing) lead to formation of 

physically cross-linked PVA based hydrogels. Gelification is obtained by exploiting 

the ability of this polymer to form crystallites that act as junction points within the 

hydrogel network. 

During both processes, cast-drying and freeze-thawing, gel formation occurs due to 

a restriction in molecular motion that implies an increase in molecular interactions, 

that is hydrogen bonds, between neighboring chains. Restriction in molecular 
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motion induced by both, cooling of the homogeneous solution (freeze-thawing) and 

solvent evaporation (cast-drying), permits the formation of small crystalline nuclei. 

Induced crystallites formation, that is, the formation of a physically cross-linked 

network, was carried out on pure PVA aqueous solution or on solutions obtained by 

adding a second linear polymer (PVP or PEG). In this latter case, depending on 

composition and synthesis conditions a homogenous or a 2-phase system is formed. 

The crystallization process of PVA is influenced also by heat treatments at 

temperatures above the Tg (annealing). Heating at temperatures over the Tg 

promotes chain mobility and permits structural reorganization, i.e. nucleation or 

growth of already existing crystallites.  Thus, after cast-drying, some preparation 

were subject to annealing to investigate how hydrogel structure is affected by heat 

treatment. Annealing conditions were 4h at 120°C. 

 

 

6.1.2  Materials  
 

Table 6.1 lists the chemicals used for hydrogel preparation. All chemicals were 

used as received. Water used for the preparation of polymer solutions was purified 

by a Millipore MilliRO-6 Milli-Q gradient system (resistivity >18 M!). To favor 

solubilization, before use PVA 98-99% HD was hydrated in water for at least 12 

hours. 

Chemical Company av. Mw (g/mol) HD (%) 

Polyvinylalcohol Sigma-Aldrich 146,000-186,000 98-99 

Polyvinylalcohol Sigma-Aldrich 85,000-124,000 87-89 

Polyvinylpirrolidone Sigma-Aldrich 40,000 - 

Polyvinylpirrolidone Sigma-Aldrich 1300000 - 

Polyethyleneglycol Fluka 35,000 - 

Table 6.1: Chemicals used for hydrogel preparation. 
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6.1.3  Preparation procedure 
 

Aqueous polymer solutions were obtained by dissolving the weighted quantity of 

PVA powder into purified water at 90°C for 2h under magnetic stirring in a double 

neck flask equipped with a condenser to avoid water evaporation during heating. 

After complete dissolution of PVA, the second component (PVP or PEG) is added 

and the solution is stirred at 80°C for 4h to achieve complete homogenization. To 

obtain a transparent solution, gas bubbles due to stirring are removed through 15 

minutes sonication in pulsed mode. Weight fractions of the different components 

within the prepared solutions are provided in Table 8.1, Chapter 8, section 8.1. 

 

Cast-drying method 
 

Polymer solutions (7,5g) are casted into a petri dish with an inner diameter of 

50mm and dried for 12h at 50°C under nitrogen flow. Obtained xerogels are 

extremely transparent and hard and can be rehydrated by adding deionized water 

into the petri dish. After washing, films can be stored in water-filled falcons. 

Before rehydration some formulations were subject to annealing for 4h at 120°C. 

 

Freeze-thawing method 
 
Polymer solutions are poured in two different kind of molds: 50mm diameter petri 

dishes (7,5g polymer solution) to obtain hydrogels in film form or plastic molds that 

permit to obtain parallelepiped shaped hydrogels with dimensions of approximately 

2,5 ! 2,5 ! 1 cm. 

The molds are covered with a lid and sealed with Parafilm® to prevent evaporation 

during the thawing cycles. Solutions are subject to repeated freezing (8h at -23°C) 

and thawing cycles (16h at room temperature). After gelification hydrogels are 

washed and stored into falcons filled with deionized water. 
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This chapter provides equations and instrumental conditions used for the 

investigation of some representative parameters and for the structural 

characterization of the prepared hydrogel systems. 

 

7.1  Gel fraction  

 

Evaluation of the insoluble fraction of the gel was performed to evaluate the 

efficiency of gel formation, that is, the efficiency of crosslinking through 

crystallites formation between PVA chains, and of embedding the water-soluble 

PVP chains.  

 

After synthesis gels are stored in deionized water for at least 7 days to permit the 

extraction of the still water-soluble components.  Water is changed every 24 hours 

to ensure complete removal of the solubilized materials. 

After extraction of the water-soluble components, the gel fraction is determined 

gravimetrically through the formula 

 

 !! ! ! !! !! !!!""  (Eq. 7.1) 

 

Where !!  is dry weight of the sample with residual soluble components (not 

extracted), while !! is the dry weight after extraction of soluble components. Dry 

weights are determined after drying in oven at 120°C until constant weight is 

reached. 


